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INTRODUCTION 


* 


A.  CONTRACT 


Since  18  June  1946,  the  Massachusetts  Institute  of  Technology 
Soil  Stabilization  Laboratory  has  been  conducting  research  on  soil 
stabilization  under  the  sponsorship  of  the  Corps  of  Engineers,  U.  S. 
Army.  The  work  has  been  covered  by  the  following  contracts: 


W-44009-ENG-408 

18 

DA-44-009-ENG-1 1 

15 

DA-44-009-ENG-924 

15 

DA-44-009-ENG-1494 

21 

DA-44-009-ENG-2002 

22 

DA-22-079-ENG-171 

22 

June  1948  -  15  March  1950 
March  1950  -  15  March  1951 
October  1951  -  15  October  1952 
October  1952  -  22  October  1953 
October  1953  -  22  October  1954 
October  1954  -  22  October  I960 


This  report  entitled,  "Soil  Stabilization  by  Chemical  Methods", 

Final  Report  No.  XII,  describes  work  done  under  Contract  No. 
DA-22-079-ENG-171  during  the  period  22  October  1959  to  22  October 
1960. 


B.  SCOPE  OF  CONTRACT 


Article  1  of  Contract  No.  DA-22-079-ENG-171  states  the  work 
and  services  to  be  performed.  Below  are  listed  those  parts  of  this 
report  which  describe  work  on  contract  items: 


Item  No.  in  Article  1 


Report  Section 


2(a) 

2(b) 

3(a) 

4(a) 

5 


No  specific  section 

II,  III,  IV,  V,  VI 

No  specific  section 

No  specific  Section 

This  report  completes  fulfillment 


In  addition  to  funds  from  Contract  No.  DA-22-079-ENG-171,  the 
Soil  Stabilization  Laboratory  is  sponsored  by  funds  from  industrial 
organizations.  These  funds  support  fundamental  and  applied  soil 
stabilization  research  unrestricted  in  scope.  When  work  supported 
by  those  non -Government  funds  is  thought  to  be  of  value  to  the  Army- 
sponsored  work,  it  is  included  in  the  reports  made  to  the  Army. 


C.  ORGANIZATION 


The  soil  stabilization  research  was  conducted  by  the  Massa¬ 
chusetts  Institute  of  Technology  Soil  Stabilization  Laboratory  which 
has  the  following  organization  and  staff: 

Director  Dr.  T.  William  Lambe 

Professor  of  Soil  Engineering 

Associate  Director  Dr.  Alan  S.  Michaels 

Associate  Professor 
of  Chemical  Engineering 

,  .uTh/,?taff  °f  thG  Laborator'y  consisted  of  many  part-time  workers 
and  the  following: 


Dr.  R.  T.  Martin  Research  Associate 


Mr.  C.  C.  Ladd 

Mr.  C.  G.  C.  Sonino 
Mr.  A.  Higinbotham 
Mr.  B.  Hill 


Research  Assistant  in  Civil 
Engineering,  started  July,  1955 

Research  Assistant  in  Chemical 
Engineering,  started  September,  1958 

Research  Assistant  in  Chemical 
Engineering,  started  September,  1959 

Research  Assistant  in  Chemical 
Engineering,  started  September,  1959 
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I.  SUMMARY 


A.  SOIL  STABILIZATION  WITH  ACIDIC  PHOSPHORUS  COMPOUNDS 

(M  I“p™vfnient  °f  the  stabilization  of  Massachusetts  Clayey  Silt 
(M-21)  and  Vicksburg  Buckshot  Clay  (VBC)  with  acidic  phosSs  com¬ 
pounds  by  the  use  of  secondary  additives  has  been  studied. 

dride  (o'-pT  1  me™?*'1  ^  ‘raCeS  °‘  orth°-rh°>"bic  phosphoric  anhy- 
ride  (o  PA)  increase  the  compacted  density  of  M-21  stabilized  with 

2%  phosphoric  acid  but  the  addition  of  sodium  flousilicate  nullifies  tW. 

effect  even  while  accelerating  the  stabilisation  reaction. 

...  U  0ctiylaniine  (°-c5<7f)  improves  the  wet  strength  of  M-21  stabilized 

dWay  humfdP“reTk  8Ulf“riC  PSi  W‘  8tren«th  aft"  °"a 

with  M-2L  iUm  flU0Silicale  acceleratas  the  stabilising  reaction  of  o-Pfis 

A  study  of  compressive  strength  of  M-21  as  a  function  nf  * 
mount  of  phosphoric  acid  added,  in  the  presence  of  0  5%  Na  SiP 

p“;h,t  “ lhat  lhe  strei*,h 

mount  of  phosphoric:  acid.  To  achieve  150  psi  and  300  psi  we/streneth 
id  is  ZZ  C^yel"6  1688  tha"  1?  and  te“  lhan  ac- 

-  p„  Farnc  chloride  is  a  good  waterproofer  for  VBC  treated  with  3  If, 
o-pA  when  used  in  conjunction  w.th  sodium  fluosilicate  Wet  sCnrti! 
of  up  to  HO  psi  were  obtained  after  one  day  humid  cure.  ^ 

used  to  ^d™Chl*fiC  aC,id;  8ulfuric  aci<*  ond  ferric  chloride  have  been 

VfC  by  PhOSphoric  acid  and  sodium 
on  this  pom,  is  reZ^ded  8  “  °b'ainCd  fUr‘her  — b 

fluosilicat'rLproveTthe'acH  ‘#*ar“er  observations,  sodium 

results  suLLT^  f?,  Phosphorus  stabilisation  of  VBC.  The 

results  suggest  that  the  action  of  the  flu  ok  il  irate  ««  vcc  i 
than  acceleration  nf  th*.  ,  nuosincate  on  VBC  may  be  more 

accele  ration  of  the  reaction  between  phosphoric  acid  and  the  soil. 

B.  SOIL  STABILIZATION  WITH  CEMENT 

tinted  m  d  fa!Ul:f1f,lr  °f  VBC  with  cement  and  caustic  soda  was  inves¬ 
tigated  in  detail.  With  the  additive  system  5%  cement  and  IN  w  n» 
les  were  made  on  th*»  ne  n  ,  "  TlLnt  ai™  NaOH,  stud- 

maac  on  the  eflect  of  the  initial  water  content  and  compactive 
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effort  on  the  stabilization  of  VBC,  It  was  found  that,  when  the  water  con¬ 
tent  is  varied  at  constant  compactive  effort,  the  wet  strength  goes  through 
a  maximum  somewhat  below  the  water  content  needed  for  total  void  satur¬ 
ation. 


When  the  compactive  effort  is  varied  at  constant  water  content,  the 
wet  strength  rises  at  a  decreasing  rate:  a  considerable  increase  in 
strength  is  observed  between  850  psi  and  1000  psi  compactive  pressure, 
but  thereafter  wet  strength  does  not  rise  significantly. 

A  study  was  made  of  the  wet  strength  of  VBC  as  a  function  of  ce¬ 
ment  concentration,  in  the  presence  of  0.5  N  and  IN  NaOH  in  the  pore 
fluid.  In  the  range  from  3%  to  10%  cement,  wet  strength  increases  mono- 
tonically  with  the  amount  of  cement,  IN  NaOH  is  in  ail  cases  superior  to 
0.5N  NaOH  but  for  ultimate  strength  the  difference  was  not  found  to  be 
significant.  To  achieve  wet  strength  of  150  and  300  psi  after  seven  days 
of  cure  ,  4%  and  6%  cement  with  0.5  N  NaOH  is  estimated  to  be  needed, 
respectively. 

A  number  of  organic  and  inorganic  additives  were  investigated  as 
secondary  additives  for  VBC,  5%  cement,  and  IN  NaOH.  None  was  found 
to  provide  significant  strength  improvement. 


C.  SOIL  STABILIZATION  WITH  LIME 

The  stabilization  of  soils  M-21  and  VBC  with  both  calcium  hydroxide 
(slaked  lime)  and  calcium  oxide  (including  quicklime,  commercial  grade) 
was  investigated.  In  VBC  calcium  oxide  was  found  to  be  more  effective 
than  calcium  hydroxide.  Some  inorganic  salts  were;  used  as  secondary  ad¬ 
ditives;  substantial  improvement  in  wet  strengths  being  obtained  with  mag¬ 
nesium  sulfate. 


M-Zl  cannot  be  stabilized  with  5%  calcium  oxide  alone,  but  if  in  ad¬ 
dition  1.25%  magnesium  sulfate  is  used,  100  psi  wet;  strengths  after  one 
day  humid  cure  are  obtained.  On  the  other  hand,  stabilization  with  slak¬ 
ed  lime  alone  gives  80  psi  wet  strength  after  one  day  cure  at  equivalent 
c  al  e  iu  m  concent  rations , 

With  VBC  effective  stabilization  can  be  achieved  with  calcium  oxide 
alone.  As  the  amount  of  calcium  oxide  is  increased,  the  strength  reaches 
a,  maximum  at  about  5%  CaO  on  dry  soil,  and  then  decreases,  at  least  for 
the  cm.  ing  periods  investigated.  Two  percent  or  Jess  calcium  oxide  was 
inadequate  tor  stabilizing  VBC,  probably  because  this  amount  is  insuffi¬ 
cient  to  form  a  continuous  gel  throughout  the  soil.  Approximately  2.5% 


..  3  - 


quicklime  alone  is  necessary  to  give  a  wet  strength  of  150  psi  after  7  days 
humid  cure.  The  maximum  wet  strength  observed  with  calcium  oxide  alone 
was  260  psi  after  28  days  humid  cure  with  Sf  calcium  oxide.  In  the  case  of 
calcium  oxide  and  magnesium  sulfate  (4  to  1  ratio  by  weight)  approximately 
3%  calcium  oxide  is  needed  to  give  150  psi  and  4%  to  give  300  psi  wet 
strength  after  seven  days  cure. 


D.  SOIL  STABILIZATION  WITH  SODIUM  SILICATES 

It  was  found  that  New  Hampshire  Silt  and  Vicksburg  Loess  can  be 
stabilized  with  sodium  silicates  and  basic  Magnesium  carbonate  {"BMC": 
4  MgCOj*  Mg(OH)j*  4  H2O).  The  best  results  obtained  after  seven  days 
humid  cure  and  one  day  immersion  are  summarized  in  the  table  below: 


Soil 

Total  additive 
content  as  %  of 
dry  soil  weight 

Weight  ratio 
NajOSiCVBMC 

Wet: 

Strength, 

psi 

New  Hampshire 
Silt 

8.  5 

1  :  3.2 

1.14 

365 

Vicksburg  Loess 

9.1 

1  3.2 

1.5 

235 

Massachusetts 
Clayey  Silt 

6.4 

1  2.4 

1.14 

610 

Unsuccessful  attempts  were  made  to  stabilize  Vicksburg  Buckshot  Clay 
with  sodium  silicate  and  basic  magnesium  carbonate. 

The  effect  of  silica,  magnesium,  and  sodium  contents  in  each  of 
these  soils  was  studied.  In  addition  a  similar  study  in  Massachusetts 
Clayey  Silt  was  completed.  An  explanation  of  the  observations  is  ad¬ 
vanced  in  terms  of  the  mechanism  of  silicate  stabilization  previously 
proposed,  and  of  the  presence  of  polyvalent  gel  -forming  cations  in  the 
soils. 

Several  inorganic  salts  were  reacted  with  sodium  silicate  in  the 
absence  of  soil  to  investigate  their  gel-for  ming  characteristics.  Only 
one,  a  reactive  magnesium  oxide,  formed  a  gel  with  the  silicate.  This 
reactive  magnesium  oxide  was  found  to  stabilize  Massachusetts  Clayey 
Silt  as  well  as  an  Equivalent  amount  of  basic  magnesium  carbonate. 
Stabilization  with  magnesium  oxide,  however,  is  considerably  slower 
than  stabilization  with  the  carbonate. 

Calcium  hydroxide  was  found  to  be  a  mm  h  less  successful  precip¬ 
itating  agent  than  basic  magnesium  carbonate,  when  used  with  sodium 
silicates  to  stabilize  Massachusetts  Clayey  Sot.  Using  CafOHjt, seven 
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day  soaked  strengths  of  200  psi  resulted,  as  compared  with  soaked 
strengths  of  600  psi  using  BMC. 


E,  SOIL  STABILIZATION  WITH  ASPHALT  EMULSIONS  * 

Asphalt  emulsions  for  the  topical  treatment  of  soil  surfaces  have 
been  developed  which  have  satisfactory  soil -penetration  characteristics. 
These  include  cationic  emulsions  prepared  using  N- alkyl  propylene  di¬ 
amines  in  conjunction  with  hydrochloric  acid  and  trace  amounts  of  chrom¬ 
ium  or  ferric  chloride,  and  nonionic  emulsions  using  Nonic  218  as  the 
emulsifying  agent.  Dilution  of  the  asphalt  to  be  emulsified  with  at  least 
half  as  much  gasoline  is  necessary  to  make  the  emulsified  droplets  suffi¬ 
ciently  fluid  to  pass  through  the  pores  of  a  fine  sand.  At  least  ten  per  cent 
by  weight  of  ortho -phosphoric  acid  may  be  incorporated  into  any  of  these 
emulsions  without  impairing  the  soil  penetrating  characteristics. 

When  compared  at  equal  asphalt  dosages  per  unit  area  of  soil  sur¬ 
face,  these  emulsions  will  penetrate  soils  to  greater  depths  than  cutbacks 
containing  the  same  ratio  of  asphalt;  to  gasoline;  but,  at  low  dosages,  the 
average  asphalt  concentration  m  the  penetrated  layer  will  be  greater  for 
cutbacks.  Increasing  the  dosage  of  emulsion  per  unit  surface  will  result 
in  a  greater  average  asphalt  concentration  in  the  penetrated  layer,  even 
higher  than  that  obtained  with  cutbacks.  Blocking  of  soil  pores  by  rapid 
deposition  of  asphalt  droplets  from  the  emulsions,  however,  limits  the 
dosage  of  emulsion  which  will  penetrate  the  soil.  For  cutbacks,  the  depth 
of  penetration  is  directly  proportional  to  the  amount  applied,  the  asphalt 
concentration  in  the  treated  layer  remaining  invariant. 

The  rate  of  water  seepage  through  a  soil  is  governed  primarily  by 
the  fraction  of  the  stabilized  surface  of  the  soil  which  is  <  overed  with  a 
film  of  residual  asphalt  that  has  not  penetrated  the  soil.  A  .resistance  to 
mechanical  penetration  of  the  surface  of  465  psi  has  been  obtained  when 
the  surface  of  a  silty  sand  has  been  treated  with  the  maximum  dosage  of 
a  cutback  emulsion  prepared  with  Nonic  218  this  emulsion  contained  ten 
per  cent  ortho -phosphor  ic  acid  by  weight  arid  was  diluted  with  an  equal 
weight  of  water  before  application  to  the  soil  surface. 

Two  types  of  water -erosion  of  surfa<  e -treated  soil  nave  been  ob¬ 
served:  (1)  complete  disruption  of  the  stabilized  surface  and  washing  out 
of  the  underlying  soil,  and  (2)  gradual  but  slow  erosion  of  individual  soil 
particles  from  the  surface.  The  erosion  resistance  is  greatest,  for  any 
given  phosphor;*  acid  content  and  curing  period,  when  the  surface  of  the 
treated  soil  is  only  partially  covered  with  residual  asphalt.,  permitting 
the  volatiles  to  esc  ape  from  the  sob  and  allowing  the  surface  to  cure, 

Massachusetts  Clayey  Silt  was  successfully  staoiiized  fo>  uniformly 
blending  the  soil  with  an  amine -stabilized,  aspha.t . cutback  emulsion  con- 
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taining  phosphoric  acid  and  a  trace  of  ferric  chloride.  At  a  concentration 
of  2%  phosphoric  acid  and  4%  asphalt  on  dry  soil,  soaked  strengths  of  265 
psi  after  one  day  humid  cure,  and  455  psi  after  7  days  humid  cure  were 
obtained.  These  results  are  superior  to  those  previously  observed  using 
asphalt  cutback,  amines,  and  Pjj05. 

Using  the  same  emulsion  with  Vicksburg  Buckshot  Clay,  at  a  con¬ 
centration  of  2%  phosphoric  acid  and  10%  asphalt,  a  soaked  compression 
strength  of  85  psi  after  one  day  humid  cure  was  measured;  this,  also, 
is  substantially  higher  than  values  previously  obtained  with  this  soil 
using  asphalt  cutback -phosphoric  acid  combinations. 


a 


* 
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"•  SOIL  STABILIZATION  WITH  ACIDIC  PHOSPHORUS  COMPnirnng 


A.  Introduction 

It  has  been  shown  (Refs.  1, 2)  that  stabilization  of  Massachusetts 
Clayey  Silt  (M-21)  and  Vicksburg  Buckshot  Clay  (VBC)  with  acidic 
phosphorus  compounds  can  be  achieved  with  three  different  systems: 
ortho-phosphoric  acid,  ortho-rhombic  phosphoric  anhydride  (o-P.0*) 
and  phosphate  rock  with  sulfuric  acid. 

These  acidic  phosphorus  compounds  are  very  effective  with  the 
lean  soil  studied  (M-21)  but  progress  is  still  needed  in  waterproofing 
heavy  clays  economically. 

The  work  reported  here  and  that  in  progress  is  aimed  at  improving 
the  effectiveness  of  these  systems  for  stabilization  of  M-21  and  VBC  by 
the  use  of  certain  secondary  additives  (a)  to  accelerate  the  stabilization 
reaction,  and  (b)  to  increase  the  resistance  of  soil  so  treated  to 
immersion. 

These  secondary  additives  included  sodium  fluosilieate,  0-P3O5, 
octylamine,  ferric  chloride,  hydrochloric  acid,  and  sulfuric  acid. 

In  addition,  the  amount  of  phosphoric  acid  added  to  M-21  was 
varied  in  order  to  obtain  a  curve  of  compressive  strength  vs.  %  HsP04 
which  indicates  the  amount  of  additive  needed  to  achieve  a  given  strength. 


B.  Experimental 
1 .  Materials 

a  * 

The  soils  used  in  this  investigation  were  Massachusetts  Clavev 
Silt  (M-21)  and  Vicksburg  Buckshot  Clay  (VBC),  the  properties  of  which 
are  reported  m  Table  II- 1.  The  phosphoric  acid  was  Merck,  reagent 
f.rade*  anai>zin£  B6. 1%  HjPO*  (by  specific  gravity).  The  sulfuric  and 

^0ChlOrk  acids  were  du  Pont*  reaSent  grade  (98%  H*S04  and 
37 y,  HC1  respectively).  The  natural  Florida  phosphate  rock  (supplied 
by  International  Minerals  and  Chemicals  Co. )  was  a  fine  powder  (93% 
pass  60  mesh,  75%  pass  100  mesh,  63%  pass  200  mesh)  which  was 
reported  to  contain  71.4%  by  weight  Ca,(P04)2  and  about;  3%  fluorine, 
the  remainder  presumably  consisting  of  silica,  and  other  components 
ineffective  m  soil  stabilization.  Previous  investigation  disclosed  the 
presence  of  some  carbonate  in  this  material. 
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Anhydrous  ferric  chloride,  sodium  fluosilicate,  and  melamine  were 
reagent  grade.  Octylamine  was  provided  by  Pennsalt  Chemicals.  Ortho¬ 
rhombic  PA  was  supplied  by  Victor  Chemical  Works,  its  properties 
have  been  discussed  (Ref.  2).  Rosin  Amine  D  acetate  was  a  70% 
aqueous  dispersion  supplied  by  Hercules  Powder  Co. 

Since  concentrations  of  primary  additives  are  usually  referred 
to  the  equivalent  amount  of  phosphoric  acid,  the  following  conversion 
table,  giving  the  actual  percentages  on  dry  soil  for  an  equivalent  amount 
of  phosphoric  acid,  should  prove  useful. 

3.  82%  Ph  Rock  +  2.  58%  HzS04  is  equivalent  to  2%  (86%  H,POJ 

9.  55%  Ph  Rock  +  6. 45%  HzS04  "  "  "  5%  4 

1.25%o-PA  "  "  "2%  m 

3.12%o-PA  "  "  "5%  " 

Commercial  reagent  grade  phosphoric  acid  is  86%  HjP04. 


2.  Procedure 

The  preparation  and  testing  of  samples  were  similar  to  those 
detailed  in  previous  reports.  o-PA  was  generally  dispersed  in  water 
and  the  mixture  heated  until  a  clear  solution  was  obtained  (approxi¬ 
mately  30  minutes).  Phosphate  rock  and  sulfuric  acid  were  preblended 
and  the  slurry  added  to  the  soil.  Ferric  chloride  and  sodium  fluo¬ 
silicate  were  dry-mixed  with  the  soil.  Octylamine  was  dissolved  in 
the  acidic  phosphorus  additive.  Sulfuric  acid  and  hydrochloric  acid 
were  mixed  with  phosphoric  acid  and  the  mixture  added  to  the  soil. 
Melamine  and  RADA  were  dispersed  in  the  phosphoric  acid. 

Mechanical  mixing  was  accomplished  in  a  finger  prong  mixer 
for  a  few  minutes.  Samples  were  then  prepared  by  two-end  static 
compaction  in  a  Harvard  Miniature  mold.  Compaction  pressure  was 
always  approximately  1000  psi.  Samples  were  cured  at  100%  relative 
humidity  for  various  periods  of  time  (1,  7,  or  14  days)  then  immersed 
in  water  for  1  day,  and  finally  tested  to  failure  in  unconfined  com¬ 
pression  and  dried  at  110  C.  They  were  weighed  and  measured  after 
molding,  at  testing,  and  after  drying. 
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C.  Discussion  of  Results 

1.  Stabilization  of  M-21 


a.  Effect  of  Secondary  Additives 

In  the  previous  period  of  investigation  it  was  found  that  trace 
amounts  ofo-PjO,  increased  significantly  the  strength  and  density  of 
M-21  stabilized  with  phosphoric  acid.  The  a  polymeric  form 

of  the  anhydride,  appears  to  act  as  a  defloceuiant  of  the  clay  through 
a  mechanism  analogous  to  the  action  of  alkali  polyphosphates  on 
kaolinite  (Ref.  3). 

Mb 

Those  experiments  had  been  performed  in  the  absence  of  other 
secondary  additives.  It  was  decided  to  improve  the  performance  of 
soil  so  treated  by  the  use  of  secondary  additives  that  had  been  pre¬ 
viously  found  effective:  sodium  fluosilicate,  which  functions  as  an 
accelerator  of  the  reaction  of  phosphoric  acid  with  the  soil,  and 
octylamine,  which  improved  considerably  the  immersed  strength. 
Results  of  such  experiments  are  shown  in  Table  IJ-2. 


and  Na  SiF +  H  Pn  ?  V  A  Were  USed  with  the  octylamine 
and  Na2SiF6  +  H3P04  system.  I  ne  amounts  of  Na^iF*  and  octylamine 

used  (0.  5 f  and  0.fc%)  were  established  on  the  basis  of  previous  results 

An  increase  in  density  was  obtained  which  decreased  as  the  amount  of  ’ 

o-PA  was  increased.  As  explained  before  (Ref.  2),  more  than  trace 

amounts  of  oPjO,  reverse  the  initial  de  floe  dilating  effect. 

The  maximum  density  a.  -reved  {131.5  pcf)  with  this  system  was 
however,  noticeably  below  that  which  had  been  obtained  previously 

With  ilil!  Te  Umc  hum'd  cure  streng“' m  not  ™"<=late  well 

the  smX..’  fr'?f  Samples  With0Ul  °-P2°!  With  those  with 
the  smallest  amount  ...  this  substance,  it  is  seen  that  the  humid  cure 

strength  of  the  formet  is  higher  (510  psi  vs.  450  psi)  even  while  the 
density  is  lowe,  (US.  5  pcf  vs.  131.4  pcf). 

the  v  '"™Stieatl°a  ™  ‘T  aimed  *'  t‘larifym*  't*  interactions  among 
T  h  T  ;l°nfarV  addlt,ves-  Ttw  fMhlts  are  presented  in 
ldDJe  H . Hie  following  can  be  noted: 


(I)  In  the  absence  of  Bodium  fiuosihtate,  o-P^O,  does  cause 
an  m,  case  in  compacted  densilj  of  M-21  +  if  H,PO,  to  134-  135  f 
and  a  corresponding  increase  in  strength. 


(2)  Addition  of  the  fluosilicate  (0.  5%)  DrpVpnlB  ,  . 
of  this  high  density.  Prevents  the  achievement 


the  0-p^5°Ctylamine'  °n  the  °ther  hafld'  does  not  affect  the 


action  of 


(4)  If  the  amount  of  fluosilicate  is  reduced  tn  n  i# 
ment  in  density  is  obtained  but  most  of  the  aceelerattgtffecUsTs'T' 

both  ar^lost.18  in9'e*d  °f  S°d‘Um 

does  not  affect  the^esuM^1110"  °f  °"Pj°5  and  NaaSip«  during  mixing 

Thus  it  appears  that  the  densification  caused  k«  „  D  ^ 
acceleration  of  the  reaction  caused  by  the  Na  SiF  a  ^ 

simultaneously.  Under  coitions  where  **  °*«Md 

secondary  importance,  however,  the  use  of  o-P^H-  **1.? 
additive  for  the  phosphoric  acid  stabilization  of  M-2I  is^dva 
In  such  cases  sodium  fluosilicate  should  not  be  use d 

‘  ’•  '  ■  ■  '.t  " 

b’  —  "gth  °f  M'21  33  a  function  of  Concentration  of  H.PO, 

achieve1  ag^ven  d^^red^ti^enffth9”01101  Ph“PhWic  a“d  "««"« 

varying  the®  amount  TP£^  LTZlVTZTl  ™  T 
amount  of  sodium  fluosilicate  constant  af  0  \  ,3*'  keepln«  the 

that,  at  the  lower  levels  of  phiphonc  «  d  L  n  f  b<!  "°,ed 
adequate.  The  results  of  this  study  are  shown  in  TaMo  it  T  T*  * 

monotoAn,ra^  whh  the  atoum'of^h"  f  C°"diti°™  '"-eases 

and  less  than £ ^phosphor,!  a  id  Ph°Sp^?L  a“d  used-  Leas  than  1 « 

150  ps,  and  300  psW ^  twefv  al'r  7  d  °  “r"™'  ^  «**'*'*  °f 
H  '  tbptam  *>'  atler  ?  days  humid  cure. 

2’  wTT^frridV^r-r ^SLii^bUfr.llan  of  M-21 
—  . 2l\dJi . Phosphor  Ua . Systems  . . . . . 

In  the  stabilization  of  M-ZJ,  r-akium  pnosuhates  +  w  Qn 
systems  are  less  r«*«.ietanf  t  •  '  --.pnatts  + 

*rr,r;;  :  "i; ,cr.wi"* 

Deen  attnbuted  to  the  presence  nf  ,  ai,  . . , .  ’  ims  “as 

f  . tXKC  01  ‘-alcium  sulfate  formed  in  the 
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reaction  of  the  phosphate  with  the  acid  (Ref  2)  With  nhnonv,  + 

and  sulfuric  acid  at  the  equivalent  of  M  phosphorf t  £ Tf? 

amine  improves  the  wet  strength  i  ^  P  a-  aud'  °*5'f  octy1_ 
osi  Ifnnn  ength  after  1  day  cure  from  125  psi  to  175 

side raWe ^trengtM  1 0 5  With  °Ctylaraine  ^ave  con- 

strength  (105  psi)  whereas  those  without  it  disintegrate. 

^  has  been  shown  that  orthorhombic  Pfi.  can  be  used  with  m 
ins  ead  of  phosphoric  acid  with  the  advantage  of  a  reduction  in  the 
material  requirements  for  stabilization  (1  2 d  • 

Z*  HjPOA  The  effects  of  v.  e J  °"  {I;“*  Pj°5 18  eiNvalent  to 
studied  With  1  ,=»  !,  „  NatSiFj  and  octylamine  have  now  been 

With  nh  *,h  *■  257  0'Pi°!  and  re£uUs  are  parallel  to  those  obtained 
with  phosphoric  acid  (see  Table  II-4).  -The  fluosilicate  accelerates 

strenrth  A  smllf"  ^  '*?  to^®  '  day  Strenglh  a"d  similar  7  days 
*  Sma11  amounl  (0>  05%l  of  octylamine  provides  substantial 

immediate  immersion  strength  (115  psi)  but  does  not  improve  the 
soaked  strength  after  humid  cure.  improve  the 


'  3>  — b-“i2ati0"  °f  VBC  with  Orthorhombic  Phosphoric  Ar^irUe 
a*  Effect  of  Octylamine 

(Ref  zfwlTh  VBC  a0nrig?°?MUm  o  ^re  S,rengths  °Mained  previously 
"  •  Wlth  VBC  and  >•  “%0-PjOj.  experiments  were  made  to  test 
he  water  resistance  of  these  systems  and  improve  it  withtclndarl 

Table  nS5  if  ""h  °b‘ained  With  l7‘  oct3'la"'i'>a  are  shown  on 

only  after  sellers  Edth“  “Z  "f*  alrea«h  ™uld  be  obtained 
v  , ,  y  mmid  cuie#  Samples  immersed  alfer  1  Hav 

humid  cure  had  negligible  strength,  although  humid  cun  treneths 

were  comparable  to  those  obtained  prevJL  As  usua  i  If  f .  a 

that  increasing  the  water  content  decreased  humid  cure  slreZh  but 

also  decreased  .he  extent  of  disintegration  of  the  soil  on  watef  Lmer- 

iziTj%>u  3- 6?  (j- 17  n-pA  ' 

strength  (from  55  to  lP55Taf.ra;1f8TXreliderably  "" 

Preliminary  results  show  th»)  if  p  r\  . 

rather  ih^n  iHh  a  i  m  di  y  mixed  with  the  soil 

ra  hu  than  added  in  solution,  strength  development  is  inferior  The 

L ra  C°7emenCe  °f  dr-v'm‘xin8  method  of  addition  warrants  ? 
further  investigation  of  this  point.  warrants 


b*  Effect  of  Ferric  Chloride 

This  substance  had  been  found  in  t mnnH  _ . 

to  VBC  stabilized  with  H.Po'  ffVl  X ™atatance 

this  substance  was  used  in  f  ,  sho'ls  ll>at  whan 

aS  used  in  tonjunt  lion  with  3.  Iflo-P^  (equivalent 


Ifter  hef,H°akedJ!trengthS  U°°  PSi)  Were  obtai"'<* 

®.  °  ,  wee*  humid  cure,  but  the  one  day  humid  cure  plus  one  dav 
soaked  strength  was  very  low  (20  psi).  The  addition  of  sodium  fluo- 
silicate,  however,  improved  this  strength  considerably  (up  to  140  psi) 
possibly  because  of  acceleration  of  the  stabilization  reactTon  ThlSi. 
at  varumce  with  earlier  work,  where  no  accelerating  effeTof  I„ 
silicate  was  reported  with  VBC.  8  01  tiU0 


4*  Stabilization  of  VBC  with  Phosphoric  Acid 
a*  Effect  of  Sodium  Fluosilk  afp 

It  had  been  reported  previously  (Ref.  1)  that  sodium  fluosilicate 

oWfaL-2Vrbuflott7vBceleTrr0r  f°r  lh°  ph0sphoric  acid  stabilization 
oi  m  ci,  Put  not  of  VBC.  The  experiments  with  o~P,Or  and  i?Pn 

ttaUhe"' VBC°Ve  Shemed  ‘°  COntradlct  tbis  inclusion.  Remembering 
that  the  VBC  now  being  used  is  from  a  different  shipment  from  that  & 

used  previously,  it  was  hypothesized  that  perhaps  the  earlier  batch 

contained  a  significant  amount  of  some  fluorine -bear  ing  mineral  which 

r,  "*J°t  beJWnd  in  the  subset‘ue"'  balch-  The  two  soiT  were 
alyzed  for  fluorine  by  the  recommended  A.O.A.C.  procedure  and 

amountT  ‘he  preSenCe  of  approxtmately  0.  (15*  fluorine,  a  small 
to  The  ion  “”‘TSon  Wlth  the  “mount  of  fluosilicate  usually  added 

i:tthsV„”;L::rthermore’ the  diffetence  be‘*“  ^ 

on  VBcTlT'eVwUhTT'0  TT"  “*  ^ «  °f  Sud'u”  ^silicate 

results  (Tab  n  Tl  T f  P' 10£phont  a“d  and  i*  octylamine.  The 
esuits  (Table  II- 5)  show  that  the  humid  cure  strengths  are  essential) v 
unaffected  by  the  fluosilir»i#»  K..+  . Hr,t  +  .  ,  ,  ®  8  are  essentially 

ably  improved  An„T„Tf  ,n  80aJlI,d  s,ren<!tbs  are  consider- 

hinLr Tr  vnr  *pparemly  tho  “mount  nuosiiicale  needed  is 
ightr  for  VBC  than  it  was  found  to  be  lor  M-2i.  VBC  atomri.. 

Tnird«TXeodeTd.C.i're  TT'h  ^  “•  a"d  'here’fo'£-  stahiliza- 
alone!  'Ug  humid  lure  s,re"Sth  measurements 

and  ferrirThTTT  °‘  T  ob,a,[led  with  orthorhombic  Pfi, 

r  VRC  T  (r^W)  8Ug*e8,S  thal  the  a‘t>on  of  the  fluo- 
f  ,,  1  '  BC  ™ay  >*•  diiferent  from  that  observed  in  M-  ^]  In  the 

rph„TpteHcea,uiwmenen‘‘a!ly  ""  «*«  n^Uon  of 

nuoSss l  ir  iTcrr1? ,,y  ,he  ,act  ,i,a' thi' 

«  .  1  east  substantially  the  ultimate  strength 

On  the  other  hand,  in  the  case  of  VBC  with  1.  and  "B« 

hcCI.  the  fluosilicate  about  .np.es  the  we,  strength  sfteM  d^Tur, 
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but  also  doubles  the  ultimate  strength.  *  Thus  it  seems  that  the  presence 
of  fluosilicate  either  increases  the  amount  of  cementitious  materials 
produced  or  improves  their  effectiveness.  Further  investigation  may 
explain  more  satisfactorily  the  present  results. 


b*  Effect  of  Mineral  Acids  and  Ferric  Chloride 

'  It  has  been  suggested  that:  the  addition  of  mineral  acids  (e.g., 

HC1  and  HjSO*)  to  the  phosphoric  acid  system  may  improve  the  soil 
stabilization  reaction. 

A  series  of  tests  was  run  by  adding  1%  HC1  or  2%  H2S04  or  2%H,P04 
with  and  without  1.6%FeCl3  to  the  system  VBC  +  1%.  H3P04  t  1%  NajjSiF^. 
The  results  are  shown  in  Table  II-  5.  Both  with  and  without  FeCI3 
the  additional  phosphoric  acid  provides  better  wet  strength  improvement 
than  the  other  acids.  The  humid  cure  strength,  however,  is  highest 
when  Z°!c  sulfuric  acid  is  used  in  addition  to  2%  H3P04  and  i %  NaSiF6. 

The  improvement  is  quite  considerable  and  it  seems  reasonable  to  "* 
conclude  that  there  is  definitely  a  better  cementation  even  though  the 
wet  strength  is  lower.  Thus,  when  FeCl3  is  added,  the  wet  strength 
obtained  with  the  phosphoric  acid -sulfuric  acid  system  is  higher  than 
that  with  the  phosphoric  acid -hydrochloric  and  system  even  though 
the  latter  gives  better  results  without  FeCl*. 

It  is  possible  that  the  phosphoric  acid,  due  to  its  relatively  low 
acidity,  does  not  solubilize  as  much  soil  alumina  as  could  react  to 
form  the  cementing  alumino -phosphate  gel.  The  effect  of  the  increased 
amounts  ol  acid  may  be  that  of  making  available  sufficient  alumina  to 
allow  the  soil  stabilizing  reaction  to  proceed  further.  In  addition  (and 
this  is  especially  true  of  HC1)  the  lower  pH  may  ionize  polyvalent 
metallic  components  of  the  soil  {aluminum,  iron)  which  then  undergo 
cation  exchange  with  the  clay  and  thus  reduce  its  swelling  tendency.  In 
fact,  samples  prepared  with  HGI  alone  do  not  develop  high  humid  cure 
strength,  but  the  low  strength  is  completely  retained  upon  immersion 
(see  Table  II- 5). 


It  is  interesting  to  note  the  parallel  between  the  acidic  stabilizing 
systems  and  the  basic  ones,  i. e.,  cement  and  lime.  Increasing  the 
basicity  of  the  latter  through  the  addition  of  caustic  increases  the  par¬ 
ticipation  oi  the  soil  in  the  stabilizing  reaction  by  solubilizing  silica 
which  can  then  react  with  cations  in  solution  thus  .increasing  the 
amount  of  cementitious  materials.  Similarly  in  audic  systems  (in 


*  Comparison  of  the  wet  strengths  alter  7  and  14  days  cure  shows  that 
essentially  ultimate  strength  has  been  reached. 
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which  alumina  rather  than  silica  is  the  active  substance)  a  lower  pH, 
obtained  by  addition  of  strong  mineral  acids,  may  liberate  larger 
amounts  of  alumina  which  react  with  excess  phosphate  ions  to  produce 
better  cementation. 

Ferric  chloride  decreases  the  humid  cure  strength  but  increases 
the  wet  strength.  The  former  effect  may  be  ascribed  to  the  removal 
of  some  of  the  acid  as  insoluble  ferric  salts:  the  percentage  decrease 
in  strength  caused  by  the  ferric  chloride  is  greatest  in  the  case  of 
phosphoric  acid  and  smallest  for  hydrochloric  acid  and,  in  fact,  the 
solubility  of  the  ferric  salts  increases  in  the  order  FePO*  >  Fe^SO/fo 
>  FeClj. 

The  waterproofing  effect  of  FeClj  on  the  wet  strength  has  been 
discussed  previously  (Ref.  2). 

The  low  cost  of  sulfuric  acid  relative  to  that  of  phosphoric  acid 
makes  the  possibility  of  using  the  former  worthy  of  further  investiga¬ 
tion. 


c.  Two  Organic  Waterproofers 

Attempts  were  made  to  waterproof  VBC  stabilized  with  2% 
phosphoric  acid  through  the  use  of  0. 1%  and  1%  rosin  amine  D  acetate 
and  1%  melamine.  No  resistance  to  immersion  was  obtained  (see 
Table  II-5). 


5‘  Stabilization  of  VBC  with  Phosphate  Rock  and  Sulfuric  Acid 

With  this  stabilizer  system  at  the  equivalent  of  2%  phosphoric 
acid  quite  good  humid  cure  strengths  can  be  obtained  but  the  samples 
disintegrate  upon  immersion.  Neither  1.  0$  octylamine  nor  1.6% 
FeClj  improved  significantly  the  wet  strength  (se  Table  II-5). 


D.  Conclusions 

1.  Sodium  fluosilicate  interferes  with  the  deflocculating  effect 
on  M-21  of  trace  amounts  of  orthorhombic  phosphoric  anhydride 
(o-pA),  thus  decreasing  the  high  compacted  density  obtained  with 
the  use  of  the  latter  additive. 

2,  With  M-21  stabilized  with  acidiv  phosphorus  systems,  octyl- 
amine  does  not  increase  significantly  the  soaked  strength  after  humid 
cure,  although  it  improves  the  resistance  to  immediate  immersion. 
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3.  Sodium  fluosilicate  accelerates  the  reaction  of  o-PjO*  with 
M-21,  An  increase  of  at  least  40%  in  the  one  day  humid  cure  strength 
is  observed. 

4.  The  degree  of  stabilization  of  M-21  with  phosphoric  acid  (in 
the  presence  of  0,5%  sodium  fluosilicate)  increases  regularly  with 
increasing  concentration  of  phosphoric  acid  in  the  range  0. 5%  to  3%. 
Soaked  strengths  after  seven  days  cure  of  150  psi  and  300  psi  can  be* 
obtained  with  somewhat  less  than  1%  and  2% phosphoric  acid  respectively. 

5.  While  only  very  low  soaked  strengths  can  be  obtained  with  VBC 
stabilized  with  1,25%  o-PjOs  and  waterproofed  with  1%  octylamine,  excel- 
ient  results  can  be  obtained  with  VBC  using  3. 1%0-PjOn,  1.6%  FeCl  and 
0.  5%  NajSiF*.  Soaked  strengths  of  up  to  140  psi  after  one  day  humid 
cure  were  obtained  with  this  latter  system. 

6.  Contrary  to  what  was  reported  previously,  sodium  fluosilicate 
improves  considerably  the  phosphoric  acid  stabilization  of  VBC  in  the 
presence  of  1%  octylamine.  The  effect  is  not  noticeable  in  humid  cure 
strength  but  very  obvious  in  wet  strength. 

7.  Hydrochloric  acid,  sulfuric  acid  and  ferric  chloride  ail 
improve  the  wet  strength  of  VBC  t  2%  H3P04  +  1%  NajSiF*,  For 
example  the  addition  of  2%H^S04  and  1.6%  FeClj  improves  the  wet 
strength  after  7  days  humid  cure  from  0  to  135  psi.  If  instead  of  these 
two  additives  an  additional  2%  HjP04  is  used,  the  strengths  are  similar. 

8.  Stabilization  of  VBC  with  phosphate  rock  and  sulfuric  acid 
has  not  been  successful. 


E .  Recommendations 

1.  Investigate  the  stabilization  of  VBC  with  phosphoric  acid, 
sulfuric  acid,  ferric  chloride,  and  sodium  fluosilicate,  attempting 
to  find  the  optimum  relative  proportions  of  these  additives. 

2,  Study  the  effect  oi  sulfuric  acid  on  the  phosphoric  acid 
stabilization  of  M-21. 


3.  Examine  the  stabilization  of  other  soils  with  the  acidic 
phos phot  u  s  syste  ms . 
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TABLE  H- 


AH  of  additives  are  based  on  dry  soil. 


Table  n-S 


STABILIZATION  OF  VBC 


1.75%  o-PA4 
1.75%  o-P fit 
1.75%  o-PA 
1.25%  o-PA* 
3.6%  o-PA 

3. 1%  o-PA 
3. 1%  o-PA 
3.1%  o-PA 
3.1%  o-PA 

2.76%  H,P044 
2.76%  H,F04 
2. 76%  H,PO/ 
2.76%  H,F04 
2. 76%  H,P04 


2%  H,P04 
2%  H,P04 

2%  H,P04 
2%  H,P04 
2%  H,P04 
2%  H,P04 
2%  H,PG4 

2%  H,P04 
2%  H,P04 
2%  1I,P04 


3. 8%  Ph.  Rock 
3.8%  Ph.Rock 
3.  8%  Ph.  Rock 


ADDITIVES 

1  Day  Humid 
C.S.‘  Vol. 

pal  % 

Cure 

1  D.D.  ’ 
pcf 

1  Day  Immeraion  After 

1  7  14 

Dava  Humid  Cue*,  r  s  n.i 

1%  C4H|tNH|l#  33 5±5 

16.9 

111.8 

0 

40*20 

15*5 

l%C,HnNH, 

280110 

18.6 

109.7 

10 

30 

20 

1%C,H„NH, 

.. 

22.1 

104.6* 

25 

65*10 

55*10 

0.75%  H,PO/ 

1%  C,H,tNH, 

27015 

17.2 

109.2 

0 

0 

0 

1%  C,H„NH» 

— 

22.0 

105.0* 

70*10 

155 

180*20 

1.6%  FeCl, 

230120 

18.3 

111.2 

20*5 

200*5 

235*10 

1.6%  FeCl, 

190130 

20.6 

107.5 

30*5 

160*5 

230*10 

0. 5%  NtjSiFj 

1.6%  FeCl, 

290110 

21.4 

106.6 

135*5 

280*20 

290 

2.  0%  NajSlFt 

1.6%  FeCl, 

350110 

21.1 

107.3 

10515 

420*20 

415*10 

1%C,H,TNH, 

190110 

21.4 

104.4 

10 

30*10 

1%C,H„NH, 

215115 

21.6 

104.3 

45*5 

0.  5%  Na*SiF4 

1%  C, H,TNH, 

290120 

15.1 

113.5 

110*40 

0.  5%  NtjSiF4 

1%  C,H„NH, 

20515 

23.3 

104.0 

45*5 

50 

2.  0%  NajSiF4 

1%C,H„NH, 

21515 

23.9 

101.7 

135*25 

140*10 

11.5%  HClfaq. ) 

80115 

26.9 

99.6 

20*5* 

2%  HCl(aq. ) 

25515 

21.2 

106.9 

0 

45*5 

90*5 

1%  Na*SiF4  2%  H,P04 

330120 

21.0 

107.2 

55*5 

105*5 

1%  Nb,S1F4  2%  HCl(aq. ) 

28515 

19.6 

108.8 

10*5 

65*5 

1%  NajSiF*  2%  H»S04 

42515 

19.3 

106.8 

0 

0 

1%  NajSlFj  2%  H,P04 

1.6%  FeCl, 

24015 

21.1 

107.6 

75*10 

215*10 

235*5 

1%  NajSIF*  2%  HCl{aq. } 

1.6%  FeCl, 

25015 

22.7 

105.7 

25*10 

60*5 

1%  Nb,S1F4  2%  HjS04 

1.6%  FeCl, 

34515 

22.0 

106.0 

55*5 

135*10 

0. 1%  RADA’ 

375115 

18.2 

111.8 

0 

0 

0 

1.0%  RADA 

330110 

18.6 

110. 1 

0 

20*5 

25*5 

1.0%  Me  lamina 

31515 

17.8 

110.0 

0 

20*20 

0 

2.6%  H,S04 

310120 

17.1 

110.6 

0 

0 

2. 6%  H,S04 

1%  C,H,TNH, 

325*10 

20.3 

106.6 

10*10 

25*25 

2.  6%  H,S04 

1.6%  FeCl, 

325115 

22.5 

104.9 

0 

0 

0 

All  percentage*  of  additive*  are  baaed  on  dry  aotl 
1  Actual  compressive  atrength 

*  %  Volatile*  at  test,  i.e.,  weigh-  lost  upon  drying  as  a  percentage  of  dry  solid*  weight 
Dry  density  at  test,  I.e.,  pounds  of  dry  solid*  per  cubic  foot 

*  0.  76'%'  H,P04  or  0.  5%  o-PA  are  needed  to  neutrattre  |%  octylsmlna 

*  The  o-PA  was  dry  mixed  with  the  soil 

These  data  are  "at  molding"  for  the  sample*  cared  14  days 
1  13®**  from  Ref.  (1) 


*  Humid  cur*  strength  after  7  days:  2:5*5  psi 

*  Rosin  amine  I)  acetate 
1,1  Octyl*  mine 


COMPRESSIVE  STRENGTH,  PS  I 


%  PHOSPHORIC  ACID  ON  DRV  SOIL 


0 


30 
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in.  SOIL  STABILIZATION  WITH  CEMENT 


A.  Introduction 


During  the  period  September  1959  to  June  I960  experiments  were 
conducted  to  evaluate  the  effectiveness  of  various  organic  and  inorganic 
additives  as  waterproofing  agents  for  cement -stabilized  Vicksburg 
Buckshot  Clay  (VBC),  In  view  of  the  lack  of  reproducibility  of  some 
of  these  results,  an  effort  was  made  to  correlate  the  measured  com¬ 
pressive  strengths  (following  seven  days  cure  and  one  day  immersion), 
water  absorption  on  immersion,  and  density  at  molding,  with  the 
independent  variables  of  compactive  effort  and  molding  water  content. 
The  stabilizer  system  used  for  this  study  was  5%  cement  plus  lN'NaOH 
in  the  molding  water.  In  addition,  tests  were  run  with  VBC  where  the 
cement  content  and  the  normality  of  the  sodium  hydroxide  in  the  pore 
fluid  were  varied. 


B.  Experimental 

1.  Materials 

The  soil  used  in  this  investigation  was  Vicksburg  Buckshot  Clay 
(VBC).  A  description  of  this  soil  can  be  found  in  Table  II- 1. 

The  reagent  grade  chemicals  used  were  sodium  hydroxide, 
ferrous  chloride,  zinc  nitrate,  stannic  chloride,  ferric  chloride, 
aniline  and  melamine.  Rosin  Amine  D  Acetate  was  supplied  as  a 
10°J<  solution  in  water  by  the  Hercules  Powder  Company. 


2.  Procedure 

The  testing  procedures  were  similar  to  those  previously  described. 
There  was,  however,  one  major  change. 

Air  dried  soil  was  equilibrated  for  24  hours  with  half  of  the 
molding  water  and  with  the  secondary  additive  when  used.  The 
secondary  additives  were  incorporated  as  either  suspensions  or 
solutions  except  in  the  case  of  melamine  which  was  mixed  in  as  a  dry 
powder.  In  some  cases,  where  noted,  the  soil  was  not  equilibrated  ' 
overnight:  the  secondary  additive  was  incorporated  with  half  the  mold¬ 
ing  water  just  prior  to  mixing  and  molding.  After  equilibration, 
cement  and  sodium  hydroxide  were  added  in  that  order  and  mixing 
was  completed  in  a  finger -blade  mechanical  mixer  for  5  minutes. 
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The  major  change  mentioned  above  is  in  the  molding  procedure. 
Samples  were  molded  by  two-end  static  compaction  in  a  Harvard 
Miniature -size  mold  to  a  constant  pressure  of  1000  psi.  In  previous 
work  samples  were  molded  to  constant  density.  It  was  felt  that  changing 
the  procedure  was  justified  and  advisable  because: 

a.  It  is  now  possible  to  compare  soil-cement  results  with  the 

results  of  other  systems  studied  in  this  laboratory.  With  this  change 
the  procedure  is  standardized.  ’ 

b.  It  is  more  practical  and  realistic  to  let  the  density  be  the 
dependent  variable  and  the  compactive  effort  the  independent  variable 
since  this  is  what  is  done  in  the  field. 

c.  Keeping  compactive  effort  the  same,  we  can  observe  the 
effect  of  various  additives  on  the  density  of  the  sample.  Since  there 
appears  to  be,  in  general,  a  correlation  between  compacted  density 
and  strength,  additives  which  increase  the  density  of,  as  well  as 
waterproof  the  soil  are  desirable. 

All  samples  were  cured  under  approximately  100%  relative 
humidity  at  room  temperature  for  various  periods  of  time.  Samples 
were  then  immersed  in  distilled  water  for  one  day  prior  to  testing  to 
failure  in  unconfined  compression.  Weights  and  dimensions  of  the 
samples  were  measured  both  after  curing  and  after  immersion. 


C.  Results  and  Discussion 

1  *  Effect  of  Changing  Procedure 

Strengths  obtained  using  constant  pressure  are  generally  higher 
thoabntAhn°®e  co^Pacted  to  instant  density  because  higher  densities  are  being 
■  !  *.  Fr°m  Reference  l>  the  one  day  strength  for  5%  cement 

is  45  ±  5  psi  and  the  dry  density  is  96. 3  pcf.  In  this  report  the  one  day 

Cure  one  day  immersed  strength  for  5%  cement  is  66  ±  9  psi  and  the  ' 
dry.  density  is  1 05. 2  pc  f.  *  1 


2*  Secondary  Additives 


The  results  with  secondary  additives  showed  that  none  of  those 
test*fd  effected  any  significant  im  rease  in  the  strength  obtained  with" 

f  CeTnt*  and  1N  Na0H  (See  Table  This  conclusion  super- 

s  lt!l  a  conclusion  in  an  earlier  report*  that  these  waterproofers  were 

effective  which  was  found  to  be  incorrect  because  the  blank  for  5% 
cement  and  1  N  IJaOrl  was  in  error , 


- Sepi .  '59- Jan.  f &0  Periodic  Report 
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Effect  of  Cement  Content 


In  order  to  determine  the  amount  of  cement  needed  to  achieve  a 
given  atrength  with  VBC  a  series  of  experiments  were  made  with 
varying  cement  concentrations. 

of  remILhta?,nr,n*s°Und  previousl3,<' that  a‘  the  higher  concentrations 
of  cement  (107.)  the  improvement  obtained  by  the  addition  of  0. 5N 

Na°H  was  better  than  that  obtained  with  IN  NaOH.  It  was  therefore 
decided  to  vary  the  cement  content  at  the  two  levels  of  caustic. 

Table  IH-2  and  Figure  III- 1  show  the  results. 

.  14  ca"  be  aean  that  the  strength  increases  with  cement  content 
first  rapidly  and  then  more  slowly.  Contrary  to  the  previous  results 
the  samples  with  IN  NaOH  are  consistently  stronger  over  the  whole 
range  of  cement  concentration. 

However,  the  advantage  of  using  IN  NaOH  rather  than  0  5N 
decreases  as  the  length  of  the  curing  period  increases.  The  difference 
is  considerable  after  one  day  cure  but  not  significant  after  28  days 

of  VBC^ement6  GSS  !!*  °f  °*  5N  Na0H  impr°VeS  the  ‘length 

of  VBC  cement  for  all  curing  periods,  although,  again,  the  per- 

?^nCrea8G  decreases  with  ^me.  The  effect  of  0.  5N  and 
IN  NaOH  on  VBC  and  5%  cement  can  be  seen  in  the  following  table. 


1  day 
7  day 
28  day 


5%  Cement 

60  ±  10 
195  ±  5 
310  ±  20 


5%  Cement 
0.  5  N  NaOH 

135  ±  15 
255  ±  5 
400  ±  20 


5%  Cement 
1.  ON  NaOH 

190  ±  10 
280  ±  10 
425  ±  5 


4.  S^tjonsB^i^^  on  immersion. 

-'jj-^Qmprpss ive  Strength  of  Cement- Stabilized  VBC 


..  T,h4‘„nffe0!  0f  V!rying  m0kllne  waler  contem  <"  constant  compactive 
effort  (1000  psi)  is  shown  in  Table  IU-3  and  Figure  III-2.  As  the 

™0°  d"e  r!!LCTent  ““  Tf  inthe  range  ot  27.  n on 

weight,  the  as-molded  density  decreases.  However  ,o«ted 

a  maximum  in 

the  vicinity  of  ill,  waler  content,  and  then  decreases.  Density  at 


Soil  Solidification  by  Chemical  Methods,  Final  Report 
November,  1959  "* . 
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test  for  the  given  water  content  values,  vary  between  98.  2  and  105. 8 
l£c.  The  per  cent  water  uptake  upon  immersion  decreases  with 
increasing  molding  water  content.  For  the  soil-stabilizer  system 
studied,  the  minimum  molding  water  content  corresponding  to  maxi¬ 
mum  void  saturation  is  estimated  to  be  about  24%. 

Table  III-4  and  Figure  III-3  show  the  results  obtained  when 
as -molded  density  is  controlled  by  adjusting  the  compactive  effort 
at  a  constant  molding  water  content  of  22%;  As-molded  density 
increases  with  compactive  effort  in  the  range  of  700  to  1000  psi; 
greater  compactive  effort  has  little  further  influence  on  density. 
Soaked  compressive  strength  and  density  at  test  similarly  increase 
with  compactive  effort,  and  show  a  corresponding  leveling  off  in  the 
vicinity  of  1000  psi  compaction  pressure  (see  Figure  III-3).  (At 
the  selected  water  content,  the  calculated  density  corresponding  to 
maximum  void  saturation  is  approximately  1 08.  2  p^f.  This  is  greater 
than  the  measured  as -molded  density  at  1000  psi  compaction. ) 

Water  absorption  on  immersion  (at  constant  molding  water  content) 
is  observed  to  decrease  as  density  at  molding  increases  (see  Figure 
m-3). 


The  above  observations  can,  it  is  believed,  be  satisfactorily 
explained  in  terms  of  effects  of  density  and  water  content  at 
molding  on: 

a.  The  efficiency  of  interparticle  cementation  by  the  stabilizer, 
and 


b.  The  capillary  stresses  imposed  upon  the  stabilized  soil 
structure  upon  immersion. 

If  a  stabilizer  such  as  cement  is  homogeneously  distributed 
through  soil,  the  degree  of  stabilization  developed  should  increase 
with  an  increase  in  volume  concentration  of  inter  particle  contacts; 
that  is  to  say,  the  strength  of  the  stabilized  struct rure  should  increase 
monotonically  with  the  as-molded  density.  It  is,  however,  well 
established  that  maximum  density  at  compaction  can  be  achieved 
only  at  a  water-content  somewhat  below  that  corresponding  to  void 
saturation  of  the  compacted  soils.  Since  stabilizers  such  as  cement 
appear  to  perform  their  interparticle  c  renting  function  only  in  the 
presence  of  water,  it  follows  that,  in  an j  part  of  a  consolidated  soil 
mass  where  the  voids  are  occupied  by  air,  cementation  cannot  take 
place,  or  takes  place  only  to  a  limited  degree.  In  other  words,  a 
stabilizer  such  as  cement  will  not  be  uniformly  distributed  through 
a  soil  which  is  below  void  saturation  in  water,  and  the  lower  the 
water -saturation  of  the  soii  as  compacted  (irrespective  of  density), 
the  poorer  will  be  the  stabilizer  distribution.  Hence,  it  would  be 
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predicted  that,  at  constant  as -molded  density,  the  lower  the  water 
content  below  saturation,  the  lower  the  strength  of  the  cured  stabilized 
soil.  Thus,  as  a  soil  at  constant  molding  water  content  is  subjected 
to  greater  and  greater  compaction,  both  the  density  (which  controls 
interparticle  contacts)  and  the  degree  of  saturation  by  water  (which 
controls  stabilizer  distribution)  increase  (see  Fig.  III-3);  both  of 
these  variables  cooperate  to  yield  a  rapid  increase  in  stabilized 
strength.  Once  complete  void  saturation  by  water  is  achieved, 
however,  any  further  increase  in  water  content  will  result  in  a  reduc¬ 
tion  in  as -molded  density  and  a  dilution  of  the  stabilizer;  hence  an 
increase  of  water  content  in  excess  of  that  corresponding  to  satura¬ 
tion  (at  a  specified  compactive  effort)  can  be  expected  to  yield 
reduced  strength  (see  Fig.  III-2).  It  is,  of  course,  entirely  possible 
that  a  water  content  slightly  below  saturation  may  prove  optimal 
with  respect  to  strength,  since  the  corresponding  density  increase 
may  more  than  compensate  for  the  loss  in  uniformity  of  stabilizer 
distribution. 


When  a  compacted  soil  mass  is  totally  immersed  in  water, 
absorption  of  water  will  take  place  by  capillary  imbibition,  if  the 
voids  are  not  completely  water -filled,  and/or  by  interlaminar  swell¬ 
ing  of  montmorillonoid  minerals,  if  they  are  not  at  osmotic  equili¬ 
brium  with  the  immersion  solution.  With  VBC,  both  of  these 
imbibition  mechanisms  are  likely  to  be  operative.  This  imbibition 
produces  rather  large  expansive  stresses  in  the  bonded  soil  skeleton, 
and  if  the  magnitude  of  these  stresses  exceeds  the  interparticle  bond- 
strength,  the  bonds  will  rupture,  and  the  mass  will  undergo  substantial 
expansion  with  a  major  loss  in  strength. 

In  all  likelihood,  those  stresses  produced  on  immersion  of 
cement  stabilized  VBC  which  are  attributable  to  interlaminar  swelling 
are  controlled  primarily  by  the  ionic  composition  of  the  pore  fluid, 
for  the  series  of  experiments  performed  here,  this  contribution  to 
expansion  on  immersion  is  probably  nearly  constant  for  all  samples. 
Capillary  stresses,  however,  are  subject  to  control  during  molding, 
since  both  the  void  ratio  and  degree  ol  saturation  are  dependent  on 
compaction  and  molding  water  content.  The  magnitude  of  the  tapiilarv 
pressuie  developed  on  immersion  will  increase  as: 

a.  1  he  deg  re-:-  of  water  saturation  at  molding  decreases,  and 

b.  The  molded  density  increases. 


Since  the  lower  the  void  ratio,  the  smaller  is  the  mean  pore  size 

and  . . .  J,i#her  the  imbibition  pressure,  of  two  soil  samples  of  the 

same  compacted  density,  the  one  . . .  higher  initial  water  content  will 
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be  subjected  to  less  capillary  stress  on  immersion,  depending  upon 
how  close  to  saturation  it  is  prior  to  immersion. 

It  will  be  noted  that,  as  the  molding  water  content  is  reduced 
below  that  corresponding  to  void  saturation,  the  capillary  stresses 
developed  on  immersion  increase ,  and  the  efficiency  of  interparticle 
bonds  by  the  stabilizer  decreases.  Both  of  these  factors  cooperate 
to  cause  a  major  reduction  in  soaked  strength  with  decreasing  molding 
water  content,  and  a  corresponding  increase  in  water  absorption 
and  swelling  on  immersion.  These  trends  appear  to  be  confirmed  by 
the  experimental  observations  (see  Fig.  III-2).  Inspection  of  the 
data  obtained  at  constant  molding  water  content  indicates  that,  as 
density  at  molding  is  increased,  strength  on  immersion  is  increased 
and  water  absorption  decreased;  this  indicates  that  the  increase  in 
interparticle  bonding  efficiency,  and/  or  the  increase  in  void  satura¬ 
tion  resulting  from  greater  densification,  more  than  compensates 
for  the  increase  in  capillary  pressure  on  immersion  resulting  from 
a  reduction  in  pore  size. 

In  summary,  it  appears  that  the  immersed  strengths  of  cement 
stabilized  VBC  are  controlled  by  the  compacted  density,  and  the 
degree  of  saturation  at  compaction,  and  that  these  two' variables 
affect  strength  in  the  opposite  directions.  Optimum  immersed  strength 
is  developed  at  the  highest  density  attainable  at  virtually  complete 
void  saturation  rather  than  at  the  highest  density  attainable  at  the 
normal  ^'optimum  water  content".  Similar  observations  have  been 
made  with  this  soil  stabilized  with  phosphoric  acid;  it  appears  likely 
that  this  may  be  a  general  characteristic  of  heavy  clay  soils  stabilized 
with  reactive,  inorganic  stabilizers. 


D.  Conclusions 


1.  A  number  of  secondary  organic  and  inorganic  additives  were 
tested,  but  no  significant  benefit  was  obtained  over  the  VBC  cement 
and  NaOH  system  from  them.  ’ 


2.  The  ultimate  wet  strength  of  VBC-5% cement  is  improved  as 
much  by  0.  5N  NaOH  as  by  1.0  N  NaOH.  Strength  development 
however,  is  faster  with  1.  ON  NaOH.  The  improvement  made  by  0. 5N 
NaOH  over  soil  cement  is  significant  but  the  use  of  1,  ON  NaOH  does 
not  seem  to  be  justified. 


3.  As  the  amount  of  cement  is  varied  in  the  range  of  3  to  10% 
with  0.5N  NaOH  strength  increases  first  rapidly  and  then  more 
slowly.  After  seven  day  cure  wet  strengths  of  150  psi  and  300  psi 
can  be  achieved  with  4  and  6  %  cement  respectively. 
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4.  The  immersed  strength  of  cement  stabilized  VBC  is 
controlled  by  the  compacted  density  and  the  degree  of  saturation. 
These  two  variables  affect  strength  in  opposite  directions.  Optimum 
immersed  strength  is  developed  at  the  highest  density  attainable 
at  virtually  complete  void  saturation  rather  than  at  the  highest 
density  attainable  at  the  normal  "optimum  water  content". 


E.  Recommendations 

Continue  to  investigate  the  effect  of  field  variables  on  the 
strength  of  soil-cement. 

1.  Run  a  series  of  VBC  samples  with  varying  water  content 
but  no  NaOH.  Compare  these  to  the  results  obtained  with  varying 
cement  content  and  0.  5N  and  IN  NaOH. 

2.  Run  a  series  of  tests  at  different  compactive  efforts  for 
samples  having  different  water  contents. 

3.  Investigate  the  relation  between  NaOH  content  and  strength 
in  VBC. 


4.  Investigate  the  effect  of  adverse  curing  conditions  on  the 
strength  of  soil -cement. 


Table  01-1 


Cement  ConUmt  •  Woo  Dry  Soil  Walfht;  IN  NnOH  In  Par*  Water 


Sacoodary 

Addttivt 

* 

EqutU- 

brnt.d 

Cur- 

inf 

Daya 

~TfMS3G5 - 

Moia- 

tu  ra1 II  Dry* 

Content  Danalty 
%  pcf 

After  Curtnr 
Kola- 

tura*  Dry* 

Coit.nt  Danalty 
%  pcf 

- XFRitEw  ' 

Mole-  ~ 
turn1  Dry* 

Content  Danalty 

14  pcf 

Wat  Com- 
praeatv* 
Sranfth 
pal 

1 

21.5 

103.2 

20.1 

105.3 

24.0 

101.5 

66  6  9 

«... 

... 

... 

7 

21.2 

105.2 

20.1 

105.7 

22.6 

104.6 

216  a  9 

21 

20.0 

105.4 

20.1 

105.6 

20.8 

105.5 

Wt  11 

1 

21.4 

106.1 

in 

106.2 

23.3 

104.3 

lisa  is 

... 

... 

... 

7 

22.0 

105.2 

wim 

105.3 

23.3 

103.0 

313  a  5 

20 

21.5 

105.5 

US 

105.6 

22.3 

103.5 

420 

1 

22.0 

104.9 

21.0 

106.9 

23.9 

101.6 

190  a  io 

... 

... 

... 

7 

22.0 

104.9 

21.5 

105.0 

23.0 

104.8 

240  a  10 

20 

21.2 

105.0 

21.0 

106.0 

21.8 

105.8 

410  a  io 

1 

25.0 

102.2 

23.3 

102.4 

25.4 

100.9 

204  a  2 

RADA* 

0.7 

Yu 

7 

21.4 

104.1 

21.3 

104.8 

22.6 

101.7 

292  a  12 

20 

21.5 

103.4 

22.5 

103.1 

23.0 

101.3 

365  a  5 

1 

21.3 

104.2 

21.4 

105.2 

23.7 

102.0 

192  a  6 

RADA 

0.7 

No 

7 

21.5 

104.4 

21.3 

104.8 

22.7 

102.7 

290  a  5 

28 

21.0 

104.6 

20.9 

104.6 

22.0 

106.5 

343  a  IS 

1 

22.5 

103.3 

22.3 

103.7 

24.9 

102.4 

183  a  18 

RADA 

0.2 

Yaa 

7 

22.2 

103.0 

22.0 

103.6 

23.7 

103.2 

300  a  23 

28 

22.4 

103.5 

22.6 

103.8 

23.4 

103.7 

413  a  13 

1 

21.8 

105.4 

21.5 

105.4 

24.0 

102.9 

194  a  13 

RADA 

0,1 

No 

7 

21.5 

105.6 

21.1 

105.6 

22.5 

104.8 

115  a  5 

28 

20.5 

106.2 

20.4 

106.4 

22.0 

106.2 

410  a  o 

1 

22.2 

104.4 

24.0 

102.5 

225  a  5 

RADA 

0.  025 

No 

7 

22.4 

104.3 

23.3 

103.6 

153  a  23 

28 

21.0 

■Ml 

103.8 

22.6 

105.3 

400  a  5 

1 

22.0 

104,0 

22.3 

104.8 

24.1 

101.7 

177  a  25 

Melamine 

1.0 

Ym 

7 

21.9 

106.0 

22.0 

104.9 

22.7 

104.0 

320  a  0 

28 

21.6 

104.0 

21.4 

105.0 

22.3 

101.7 

428  a  17 

1 

22.2 

104.1 

22.0 

104.6 

24.9 

101.8 

134  a  2 

Malamina 

1.0 

No 

7 

21.3 

104.6 

21.2 

105.0 

22,3 

101.4 

279  a  40 

28 

21.7 

104.4 

21.5 

104.7 

22.4 

104.5 

423  a  35 

1 

21.6 

104.2 

21.0 

105.3 

24.4 

102.3 

132  a  0 

Aniline 

1.0 

Y.i 

7 

21.4 

104.6 

21.2 

105.3 

22.3 

102.8 

255  a  13 

28 

21.6 

104.4 

21.5 

104.4 

22.0 

103.5 

400  i  3 

1 

22.3 

104.0 

22.0 

104.2 

23.6 

103.0 

220  a  13 

2n(N0,), 

0.5 

Yea 

7 

22.4 

104.1 

22.3 

104.0 

23.1 

103.5 

133  a  5 

28 

22.1 

104.  1 

22.2 

104.0 

22.6 

103.3 

4ioa  10 

1 

21.5 

105, 1 

21.5 

105.2 

24.2 

103.3 

153  a  35 

ZnfNOdi 

0.  1 

Yea 

7 

21.3 

105.  2 

21.3 

105.2 

22.8 

104.2 

183  a  85 

28 

21.  J 

105.  2 

21.6 

105.2 

22.4 

105.2 

465  a  5 

1 

22.1 

104.4 

21.8 

104.0 

24.8 

102.0 

163  a  23 

Zn(NO,|, 

0.1 

No 

7 

21.6 

104.9 

20.5 

105.2 

22.5 

104. 4 

365  a  63 

28 

— 

--- 

-- 

... 

-• 

... 

*** 

1 

22.  J 

105.  5 

22,3 

105.5 

23,7 

103.8 

|7»  a  is 

Zn(NO,), 

0.1 

No 

7 

21.6 

105.0 

21,5 

106.  0 

22.6 

105.0 

270 

28 

21.3 

105.5 

21.1 

105.9 

22,1 

105.6 

HO  i  10 

1 

22.0 

104.  5 

22.0 

104,5 

21.2 

104.5 

225  a  16 

ftiO* 

0.1 

Y«* 

7 

21.0 

104.9 

21.9 

104.9 

22.6 

104.9 

290  a  16 

. . j* . 

21.3 

105.0 

21.5 

105.  1 

22.6 

105.0 

320  a  6 

1 

22.1 

101.  t 

22.  1 

105.  3 

23.8 

104.8 

230 

FaCl, 

0.  1 

No 

7 

21.5 

105.7 

21.3 

106.0 

22,5 

105.7 

330  a  3 

28 

22.1 

1 05,  1 

22.0 

106.  3 

22.9 

105,  1 

370  i  10 

l 

21.6 

105, 1 

21.6 

105.  J 

2.1.5 

102.8 

173  a  i 

F«CI» 

0.5 

Yew 

7 

22.3 

3  04.  2 

12. 1 

104.  2 

23.  2 

101.7 

293  a  7 

2« 

22,  J 

104.0 

22.5 

104.0 

23.5 

101.9 

395  a  1 5 

3 

21.6 

3  05.  1 

2  Mi 

101.) 

23.5 

1 02.  N 

175  a  1 

l%Cl, 

0.1 

Y** 

7 

21.4 

105.5 

21.2 

105.5 

22.3 

105,2 

322  a  26 

28 

21.4 

105.  5 

21,4 

105,.  2 

22, 1 

IPS.  1 

4*5  a  35 

I 

Zi.  4 

1105.8 

20.4 

1 06.  0 

.. 

.. 

626  i  5 

... 

... 

7 

20, 7 

103.6 

20,  5 

106.0 

*  at 

... 

6*«  a  n 

— . ». 

— 

2* 

20.5 

106.1 

20.  !t 

1 06. 4 

..  “ .  .. 

. 

690  a  It 

1  t  moltturn  content  la  tnktn  «*  tht  inrlfM  loot  upon  drylrm  m  *  patriwntefa  oldry  mllnta  m  if  tit. 
*  Dry  danalty  f*  th»  paawla  of  dry  aoltea  par  cuMc  foot 

I  RADA  ralfara  to  Roaln  Amina  D  Acatala  auppllad  by  Harcolca  Pmbr  Company. 

II  D«».»  not  cwttein  NnOH. 

*•  Humid  aura  atranflha,  mm  Immtraail. 


Table  HI-2 


EFFECT  OF  VARYING  CEMENT  AND  NaOH  CONTENT 

Composition 

Soil:  VBC 

Cur¬ 

ing 

Days 

At  Molding 

After  Curing 
Mois¬ 
ture  Dry 

Content  Density 
%  pcf 

At  Testing 

Wet  Com¬ 
pressive 
Strength 
psl 

Mois¬ 

ture 

Content 

% 

Dry 

Density 
_ PP* 

Mois¬ 

ture 

Content 

* 

Dry 
Density 
_ pcf 

3%  Cement 

0. 5N  NaOH 

1 

7 

28 

21.8 

21.4 

104.9 

105.6 

21.5 

21.5 

105.0 

105.8 

23.1 

22.8 

104.3 

105.0 

Disintegrated 
1001  5 

165  1  25 

3%  Cement 

IN  NaOH 

1 

7 

28 

23.5 

103.4 

23.3 

103.5 

24.2 

103.4 

301  10 

901  20 

1701  5 

5%  Cement 

1 

23.0 

103.9 

22.8 

104.3 

25.0 

102.0 

135  1  15 

0. 5N  NaOH 

7 

21.8 

105.0 

21.5 

104.2 

22.5 

105.0 

255  1  5 

28 

21.1 

105.2 

21.0 

105.5 

21.8 

105.5 

400 

5%  Cement 

1 

B9I 

21.5 

106.2 

23.5 

104.3 

1901  10 

IN  NaOH 

7 

WSSm 

21.8 

105.3 

23.3 

105.0 

280  1  10 

.  Illlf 

28 

Em 

msm 

21.2 

105.7 

22.2 

105.5 

425  1  5 

6  1/  2%  Cement 

1 

22.6 

104.1 

22.6 

104.3 

24.7 

103.3 

175  1  25 

0.  5N  NaOH 

7 

22.5 

104.3 

22.6 

104.4 

23.1 

104.3 

290  1  30 

26 

21.0 

105.6 

21.6 

105.7 

22.2 

105.5 

435  1  5 

6  1/  2%  Cement 

1 

22.2 

104.8 

21.8 

104.9 

22.0 

104.1 

245  1  15 

IN  NaOH 

7 

21.8 

105.4 

21.4 

105.4 

22.2 

105.4 

435  1  5 

__28_ 

21.5 

21.7 

105.2 

22.7 

105.0 

500  1  10 

8%  Cement 

1 

21.4 

105.3 

20.  8 

105,9 

22.5 

105.0 

260  1  20 

0.  5N  NaOH 

7 

21.8 

,105.0 

21.6 

105.1 

22.8 

105.0 

330  1  10 

- - - - . -  --  - . - . 

28 

20.4 

105.7 

20.7 

106.4 

21.5 

106.0 

530  1  10 

8%  Cement 

i 

21.6 

105.4 

20.7 

105.6 

23.3 

104.0 

175  1  15 

IN  NaOH 

7 

20.9 

106.3 

20.8 

106.8 

21.6 

106.7 

445  1  5 

-  - 

28 

20,5 

160.0 

21.0 

106.1 

21.7 

160.0 

540  1  10 

10%  Cement 

1 

20.8 

106.3 

20.4 

106.8 

22.1 

106.0 

295  1  25 

0. 5N  NaOH 

7 

20.1 

106.7 

20.1 

106.8 

21.4 

106.5 

495  1  5 

- 

28 

20.4 

106.7 

20.6 

107.5 

21.5 

106.4 

695  1  35 

10%  Cement 

1 

22.9 

103.8 

22.5 

104.2 

23.8 

103.7 

385  1  15 

IN  NaOH 

7 

23.0 

104.0 

22.9 

104.1 

23.5 

104.0 

495  1  25 

— 

28 

22.9 

103.9 

23.3 

103.9 

23.8 

103.5 

6601  5 

* 


Table  in-3 


EFFECTS  OF  VARYING  WATER  CONTENT  AT 
A  CONSTANT  COMPACTIVE  EFFORT  OF  1000  psi 
FOR  VBC,  5%  CEMENT,  AND  IN  NaOH 


Days 

of 

Cure 

% 

Volatiles 

at 

Molding 

Dry 

Density 

at 

Molding 

pcf 

Dry 

Density 

at 

Testing 

pcf 

ic  Water 
Wet  Uptake 

Comp,  upon 
Strength  Immer- 
psi  sion 

Degree 
Satura¬ 
tion  at 
Molding 

1 

19.8 

107.4 

100,3 

50 

6.0 

93.6 

1 

20.2 

107.1 

101.0 

50 

4.2 

94.4 

1 

20.1 

106.8 

103.1 

85 

4.0 

93.3 

1 

22.0 

104.9 

103.6 

190 

1.9 

97.2 

1 

23.5 

103.1 

102.4 

200 

1.8 

99.4 

1 

26.7 

98.0 

97.1 

190 

1.3 

100 

7 

19.5 

106.8 

105,3 

210 

2.7 

90.3 

7 

20.0 

106.8 

105.8 

285 

1.6 

92,8 

7 

22.0 

105.2 

105.0 

315 

1.3 

98.2 

7 

22.2 

104.1 

104,2 

350 

0.9 

96.1 

7 

27.2 

97.6 

98.2 

250 

0.4 

100 

Note.  A  soil-cement  density  ol  2..1Z  was  used  tor  degree -of -saturation 
calculations.  A  density  of  Z,  !t  would  give  more  reasonable 
values  for  high  water  content,  i.e.  less  than  100%. 


Table  III- 4 


EFFECTS  OF  VARYING  COMPACTIVE  EFFORT  AT  CONSTANT 
WATER  CONTENT  OF  22%  FOR  VBC,  5%  CEMENT,  AND  TnnTqh 


%  Water 

Compactive  Density  Density  Wet  Uptake  Degree 
Days  Effort  at  at  Comp.  upon  Satura- 

of  in  Molding  Testing  Strength  Immer-  tion  at 

^ure _ _  Pc^ _ P£| _  psi  sion  _ Molding 


1 

700 

-- 

— 

55  ±  5 

— 

-- 

1 

850 

103,0 

101.6 

110±  10 

3.2 

93.2 

1 

1000 

104.9 

104.9 

190  ±  10 

1.9 

97.2 

1 

1150 

104,8 

103.7 

195  ±  5 

1.9 

97.2 

1 

1250 

104.3 

103.0 

175  ±  5 

1.9 

96. 1 

7 

700 

96.6 

96.4 

130  ±  20 

3.0 

79.3 

7 

850 

103.0 

102.0 

160  ±  10 

3.0 

92.8 

7 

1000 

104.9 

104.8 

280  ±  30 

1.3 

97.2 

7 

1150 

105.3 

105.3 

315  ±  5 

0.9 

98.2 

7 

1250 

105.2 

105.2 

310  ±  10 

0.8 

98.2 

Note: 

A  soil -cement  density 
calculations. 

of  L,  11  Wo.s 

used  for  deg 

ree  of 

Saturation 

SOAKED  COMPRESSIVE  STRENGTH  IN  pSi 


FIGURE  EH  %  CEMENT  vs  WET  COMPRESSIVE 
STRENGTH  FOR  VBC 


FlGUfiE  m-2  CONSTANT  COMPACT!  EFFORT  OOOO  psi)  FOR  VSC 

5%  CEMENT,  IN  NaQH  (T  OATS  OF  CURE) 


^  VOLATILES  as  MOLDED  %  VOLATILES  AS  MOLDED 


FIGURE  nr-3  CONSTANT  WATER  CONTENT  22%  FOR  VBC 
5%  CEMENT,  INNaOH  (7  DAYS  OF  CURE) 
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IV.  SOIL  STABILIZATION  WITH  LIME 


A.  INTRODUCTION 

Much  of  the  work  done  in  the  M.I.T.  Soil  Stabilization  Laboratory 
has  been  directed  toward  the  use  of  Portland  cement,  asphalt,  phosphoric 
acid  and  various  other  chemicals  as  additives.  During  1959-60  the  stabi¬ 
lization  of  Massachusetts  Clayey  Silt  (M-21)  and  Vicksburg  Buckshot  Clay 
(VBC)  with  clacium  hydroxide,  Ca(OH)2,  and  calcium  oxide,  CaO*  was 
investigated. 

Soil-lime  stabilization  is  thought  to  proceed  by  a  mechanism  simi¬ 
lar  in  some  respects  to  that  of  soil-cement.  The  high  pH  caused  by  the 
lime  solubilizes  part  of  the  alumino-silicates  in  the  soil,  which  in  turn 
react  with  the  calcium  ions  giving  a  cementitious  calcium  silicate  gel. 
This  is  in  contrast  with  cement  stabilization,  where  the  silicates  are  pro¬ 
vided  in  part  from  the  cement  and  in  part  from  the  soil  itself. 

Soil-lime  stabilization  is  thus  attractive  both  because  lime  (slaked 
and  quicklime)  is  relatively  inexpensive  and  because  the  total  material 
requirements  may  be  reduced  below  those  required  with  cement.  Soils 
were  stabilized  using  calcium  hydroxide  (slaked  lime)  and  calcium  oxide 
(both  reagent  and  commercial  grades)  with  and  without  various  inorganic 
salts,  principally  magnesium  sulfate  (MgS04*  7  H20). 


B.  EXPERIMENTAL 
1.  Materials 


The  soils  used  in  this  investigation  were  Massachusetts  Clayey 
Silt  (M-21)  and  Vicksburg  Buckshot  Clay  (VBC).  The  properties  of  these 
soils  are  given  in  Table  H-l. 

The  following  reagent  grade  chemicals  were  used;  Calcium  oxide 
(CaO),  sodium  hydroxide  (NaOH),  slaked  lime  (Ca(OH)j  ),  magnesium  sul- 
ate  (MgS04  7  HjO),  potassium  sulfate  (K2S04),  and  magnesium  chloride 
(MgClj).  A  commercial  grade  CaO  (quicklime)  was  also  used.  Rosin 
amine  D  acetate  was  a  70% solution  in  water  supplied  by  the  Hercules 
Powder  Company. 

2.  Procedure 

The  testing  procedures  were  the  same  as  those  used  for  soil- 
cement,  The  preparation  of  samples  was  as  follows: 


of  the  ™e.  “11S  T*  equ.iU^‘ed  for  24  houre  *10*  approximately  half 
of  the  molding  water  content  (8%  in  the  case  of  M-21  and  12%  for  VBC) 

Mechanical  mixing  of  the  soils  with  the  calcium  oxide  and  calcium  hy¬ 
droxide,  add  it  ives  and  the  remaining  water  was  accomplished  in  a  finger 
prong  mixer  for  about  10  minutes.  The  lime  when  used  alone  was  mixed- 
in  first,  in  powder  form,  and  the  water  added  subsequently.  When  used 

!5>+v,Wlth  !T  additive'  the  additive  Powder  was  first  mixed  with 
e  lime  and  the  mixture  then  added  to  the  soil  in  the  mixer,  followed  by 

the  required  water.  After  mixing,  samples  were  prepared  by  two-end  y 

static  compaction  in  a  Harvard  Miniature  mold.  Compaction  pressure 

was  always  approximately  1000  psi.  Samples  were  cured  at  100% relative 

wawl7  ?r/ari0U!  P.eriods  of  time  (  l>  7>  or  days)  then  immersed  in 
for  1  day,  and  finally  tested  in  unconfined  compression.  The  test- 

ed  samples  were  dried  at  110  C  for  at  least  24  hoars  and  weighed  to  de- 

monw  er  COm“*-  Sa'PPtes  were  also  weighed  and  measured  after 
molding,  curing  and  immersion. 


C.  RESULTS  AND  DISCUSSION  OF  RESULTS* 

lm  £pmParison  of  Calcium  Oxide  With  Calcium  Hydroxide 

The  results  obtained  with  VBC  using  calcium  hydroxide  and  cal¬ 
cium  oxide  are  listed  in  Table  IV-1  and  those  with  M-21,  in  Table  IV-2. 

It  is  seen  that  CaO  is  more  effective  in  VBC  than  Ca(OH),  at  equi¬ 
valent  Ca  concentrations  (5%  by  weight  CaO  and  6.6%  by  weight  Ca(OH),  ) 
Wet  strengths  of  215  psi  and  50  psi  respectively  were  obtained  after  7  days 
cure.  Also,  an  aged  partially  hydrated  form  of  calcium  oxide  gave 
s  reng  is  higher  than  Ca(OH)2  alone  but  lower  than  fresh,  dry  CaO. 

these  renscUonasati0n  ‘hCSe  rl?SU"S  f°ll0W  fr0m  a  of 


{ 1)  CaO  +  H20  — > 
(2)  Ca++  +  2  (OH  ) 


Ca++  +  2  (OH") 


[d)  Ca  +2  (OH  ) — >  Ca(QH)a 

(3)  2 (OH")  +  Si02  — >  H2Si04S 

(4)  HjSiQi"  +  Ca++  — >  CaH2SiQg  (gel) 

H  us hn  ‘  ‘1  fasler  reaction  (2),  When  CaO 

“aed  Wll!  ^  a  high  steady  state  concentration  of  OH'  ions,  high¬ 
er  n"  '  ,at  pr0Vlded  h-v  lfc>  solubility  product  of  Ca(OH),.  Since  at  high- 
!  pH  s  larger  amounts  of  silicates  are  solubilized,  this  explains  wh-,* 
Ca,0  is  more  effective  in  VBC  than  Ca(OH)f.  y 


densif,e?,T  “  #ppear*  also  ,h“'  gives  lower  dry  soil 

densities  than  CaO.  It  is  expected  therefore,  that  at  higher  densities  a- 


# 
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chieved  with  CaO,  greater  strengths  would  be  obtained.  Results  with  soil- 
cement  stabilization  (see  partHIJshow  that  an  increase  in  density  from  98 
pcf  to  102  pcf  produces  approximately  a  40%  increase  in  strength.  Even  if 
this  correction  were  applied  to  soil-lime,  the  strengths  obtained  with 
Ca(OH)2  would  still  be  significantly  lower  than  with  CaO. 

2.  Effect  of  Inorganic  Salts 

It  was  suggested*  that  magnesium  sulfate  be  used  to  improve  the  re¬ 
sults  obtained  with  lime.  This  was  done  and  resulted  in  a  significant  im¬ 
provement  in  strength  both  with  CaO  (wet  strengths  increased  from  215  psi 
to  395  psi  after  7  days  cure)  and  Ca(OH)2  (wet  strengths  increased  from 
50  psi  to  135  psi  at  the  same  cures). 

In  soil  M-21  (Table  IV-2)  stabilization  with  CaO  was  impossible  with¬ 
out  the  use  of  magnesium  sulfate.  Samples  prepared  with  5%>  CaO  expand 
and  crack  spontaneously  upon  humid  cure  alone. 

The  improvement  in  strength  caused  by  the  addition  of  magnesium 
sulfate  both  with  CaO  and  Ca(OH)2  may  be  due  to  the  following  reasons: 

a.  )  Addition  of  MgSO*  results  in  the  formation  of  a  Mg(OH)2  pro¬ 
tective  gel  on  the  CaO  particles  thus  slowing  the  rate  of  hydration  (reac¬ 
tion  (1)  ).  Under  normal  conditions  (in  the  absence  of  magnesium  salts) 
reaction  (3)  is  probably  slower  than  reaction  (2),  so  that  as  reaction  (1) 
proceeds,  the  ions  produced  crystallize  as  Ca{OH)2  in  addition  to  react¬ 
ing  by  reactions  (3)  and  (4).  If  Ca(OH)2  is  formed,  then  the  advantages 

of  using  CaO  is  partially  lost.  If  reaction  (I)  is  slowed  until  it  is  no  faster 
than  reactions  (3)  and  (4),  then  precipitation  of  Ca(OH)2  is  not  possible. 

b. )  Formation  of  a  Ca-Mg- Silicate  gel.  Replacement  of  Ca  by  Mg 
in  the  gel  may  improve  its  strength.  This  may  be  due  to  the  greater  hy¬ 
dration  of  the  Mg  ion,  thereby  forming  a  more  expanded,  less  strained 
gel. 


The  dual  effect  of  MgS04  is  observed  by  comparing  the  results  ob¬ 
tained  with  soils  M-21  and  VBC.  In  soil  M-21  (a)  seems  to  be  the  predom¬ 
inant  effect  of  MgSO*.  Stabilization  with  CaO  alone  was  impossible,  but 
possible  with  Ca(OH)2  alone.  However,  when  Mg S04  is  incorporated,  the 
strengths  obtained  with  CaO  and  Ca(OH)*  are  comparable  (wet  strengths 
of  100  psi  after  one  day  cure  were  obtained  for  both,  and  125  psi  and  135 
psi  after  7  days  cure  respectively).  In  soil  VBC,  (b)  seems  to  be  the 
predominant  effect  of  MgS04.  The  retardation  of  the  hydration  of  CaO 
may  not  be  needed  as  much  as  in  the  case  of  M-21,  because  the  higher 
reactivity  of  the  silicates  in  VBC  itself  produces  a  silicate  protective  lay¬ 
er  which  slows  hydration.  Thus  in  VBC  the  improvement  in  strength 


Based  on  preliminary  results  reported  by  G.  R.  Kozan,  W.E.S., 
Vic k a bu rg,  M is  s  issippi . 
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caused  by  MgSO,  with  both  CaO  and  Ca(OH),,  may  be  attributed  to  the 
formation  of  a  Ca-Mg-Silicate  gel. 

Two  other  inorganic  salts  were  used  with  VBC,  KjSO^used  in  con¬ 
junction  with  CaO  and  Ca(OH)2,  and  MgCI„  used  only  with  CaO,  The 
results  obtained  with  these  salts  (see  part  a.  Table  IV-1)  show  that  MgCl, 
gives  no  improvement  in  strength,  the  results  obtained  being  comparable 
to  those  of  CaO  alone.  Now,  by  the  metathetical  reaction 

Ca(OH),  +  Mg++  +2{C1-)  Ca^  +  2(C1~)  +  Mg(OH), 

which  is  shifted  to  the  right  by  the  very  low  solubility  of  Mg(OH),,  the  Ca 
to  Mg  ionic  concentration  ratio  is  very  high.  This  results  in  the  formation 
of  a  silicate  gel  with  a  correspodingly  high  Ca  to  Mg  ratio.  As  mentioned 
above,  this  will  impair  the  strength  of  the  soil, 

,  t:he  other  hand»  caused  a  considerable  improvement  in 

ST?11  «  V?C«°th  With  Ca°  (fr°m  50  psi  t0  160  psi  for  the  same  cures), 
e  beneficial  effect  of  K2S04  may  be  due  to  the  formation  of  KOH  (eaus- 

ticizat  on)  caused  by  the  precipitation  of  CaSO*.  The  resulting  free  alkali 

can  solubilize  more  soil  silicates,  and  thereby  produce  better  stabilization. 

— *at*ve  Effectiveness  of  Commercial  and  Reagent  Grade  CaO 

The  effectiveness  of  commercial  grade  CaO  was  investigated.  This 
grade  of  CaO  is  considerably  coarser  than  the  reagent  grade  and  hence  of 
ower  reactivity.  Consequently  soil  stabilization  with  it  was  expected  to 
be  less  effective.  The  results  obtained,  however,  with  VBC  showed  little 

£2 Th  T"  reagerit  and  >he  al  ^radfc*  0n  other 

hand,  the  densities  With  the  reagent  grade  were  somewhat  lower  than  with 

ci!lCa°r^erCiaiagradei  11  lS  prcbable  that  at  e<*bal  densities,  the  commer¬ 
cial  grade  would  give  lower  strengths. 

hP  ~f!e\tlVeneBS  0fjh‘  l0mmeKial  f'*"®  CaO  (quicklime)  would 
be  kpected  to  be  improved  by  reducing  its  par  tine  sue.  In  fact,  some 

samples  made  using  ground  quicklime  (passing  40  mesh)  which  have  den- 
ZZZTnZ":  t0th0ae,  W;'h  “  rnmt'u  iai  and  higher  than  those 
(See  part  b  If  Table  fv-t  tha"  "*  un«round  "'a‘«ial. 

Comparison  ol  the  resuits  obtained  with  reagenl  and  commercial 

btmefl  r  T '  mag'M's,-m  su‘la"-‘  show  even  more  clearly  the 

enl!.  ,  t,">  ‘  CaO.  Wet  strength  alter  sev¬ 

en  days  cure  Is  only  ISO  pa,  with  the  ,  oa.se  quick!, me  but  rises  to  360  rsi 

when  it  is  ground,  compared  to  in?  psi  with  the  reagent  grade  CaO. 
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4.  Efifecl;  of  Calcium  Oxide  Concentration 

Section  c  of  Table  IV-1  gives  the  results  obtained  with  VBC  using 
2,  3, 4, 5,  and  7%  CaO  with  and  without  MgSO*.  The  amount  of  MgSO*  was 
always  one  fourth  of  the  amount  of  CaO.  The  results  obtained  using  2 % 

CaO  were  non-reproducible,  probably  because  at  this  level  the  amount  of 
CaO  is  insufficient  to  produce  a  uniform  gel  throughout  the  soil.  The  effect 
is  more  pronounced  when  MgS04  is  incorporated,  because  the  latter  con¬ 
sumes  part  of  the  CaO  leaving  an  even  smaller  amount  of  CaO  for  gel  form¬ 
ation. 


A  plot  (fig,  IV-1  and  IV-2)  of  strength  of  treated  VBC  versus  percent 
CaO  shows  an  optimum  concentration  of  approximately  5%  CaO.  In  all 

cases,  except  one,  the  curves  are  fairly  flat  for  a  range  between  4  to  6% 
CaO. 


The  plot  also  shows  that  beyond  the  5%  CaO  maximum,  the  strengths 
start  to  fall  off.  The  reason  for  this  may  be  the  following:  the  soil  can 
provide  only  a  limited  amount  of  reactive  silica.  If  the  Ca  added  is  in  ex¬ 
cess  of  the  amount  which  can  react  with  the  readily  available  soil  silica,  the 
resulting  silicate  gel  will  contain  a  high  calcium-to-silica  ratio,  and  may 
therefore  be  less  satisfactory  than  the  normal  low-calcium  gel  as  a  cement¬ 
itious  binder. 

Approximately  2.5%  CaO  alone  is  necessary  to  give  a  wet  strength  of 
150  psi  after  7  days  humid  cure.  The  maximum  wet  strength  obtained  with 
5%  CaO  alone  was  260  psi  after  28  days  humid  cure.  In  the  case  of  CaO 
and  MgSO*  (4  to  1)  approximately  3%  CaO  is  needed  to  give  150  psi  and  4% 
to  give  300  psi  wet  strengths  after  7  days  cure. 


D.  CONCLUSIONS 

}• )  Calcium  oxide  is  more  effective  than  calcium  hydroxide  in  the 
stabilization  of  VBC.  Seven -day -cure  wet  strengths  are  215  psi  and  50 
psi  respectively  at  equivalent  Ca  concentrations  (5%  CaO  and  6.6%  Ca(OH)2). 

2.  )  If  commercial  grade  CaO  is  ground,  it  is  as  effective  as  rea¬ 
gent  grade  oxide. 

3. )  With  both  M-21  and  VBC,  use  of  magnesium  sulfate  in  conjunc¬ 
tion  with  lime  produces  a  substantial  improvement  in  strength. 

4.  )  Calcium  oxide  by  itself  will  not  stabilize  M-21  but  if  used  in 
conjunction  with  magnesium,  sulfate  (5%  CaO  and  1.25%:  MgS04*7HI) 


in 
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soaked  strengths  of  100  psi  are  obtained  after  one  day  humid  cure. 

5. )  A  study  of  the  variation  of  strength  of  lime  treated  VBC  with 
concentration  of  additives  showed  that: 

a. )  Below  2%  CaO  there  is  insufficient  stabilization, 
probably  because  the  resulting  gel  is  discontinuous. 

b.  )  A  maximum  strength  is  observed  at  around  5%  CaO 
for  the  curing  periods  investigated  (up  to  7  days  curing). 

c.  )  Approximately  2.5%  CaO  alone,  with  VBC,  is  ne¬ 
cessary  to  give  a  wet  strength  of  150  psi  after  7  days  humid 
cure.  The  maximum  wet  strength  observed  with  CaO  alone 
was  260  psi  after  28  days  humid  cure  using  5%  CaO.  In  the 
case  of  CaO  and  MgS04  (4  to  1)  approximately  3%  CaO  is 
needed  to  give  150  psi  and  4%  to  give  300  psi  wet  strength 
after  seven  days  cure. 


E.  RECOMMENDATIONS 

1.)  Further  investigate  the  CaO-MgS04  stabilization  mechanism; 


2. )  Investigate  inorganic  salts  other  than  MgS04  as  additives  for 
soil-lime  stabilization; 


3, )  Vary  the  ratio  of  CaO  to  MgS04  or  other  additive. 
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FIGURE  EM 

EFFECT  OF  MAGNESIUM  SULFATE  AND  CONCENTRATION  OF 
CALCIUM  OXIDE  ON  THE  STRENGTH  OF  VBC  (ONE-DAY  CURE) 


Compressive  Strength,  P5» 


FIGURE  J3Z-2- 


EFFECT  OF  MAGNESIUM  SULFATE  AND  CONCENTRATION  OF 
CALCIUM  OXIDE  ON  THE  STRENGTH  OF  VBC  (SEVEN -DAY  CURES) 


Percent  of  Calcium  Oxide 
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V.  SOIL  STABILIZATION  WITH  SODIUM  SILICATES 


A,  Introduction 


Research  during  the  period  September  1958- June  1959  established 
that  sodium  silicate  with  basic  magnesium  carbonate  effectively  stabilizes 
Massachusetts  Clayey  Silt.  In  some  cases  compressive  strengths  of  more 
than  600  psi  after  24  hour  humid  cure  and  24  hour  immersion  in  water 
were  obtained.  The  effect  of  the  content  of  silica,  sodium,  and  magnesium 
was  studied,  and  a  mechanism  of  stabilization  was  proposed.  Several 
recommendations  were  made  for  further  research. 

Three  of  these  recommendations  were  as  follows: 

1.  Further  work  should  be  directed  toward  determining  the  effective¬ 
ness  of  the  sodium  silicates  as  stabilizers  for  soils  other  than 
Massachusetts  Clayey  Silt. 

2.  Precipitants  other  than  MgCOj  should  be  investigated. 

3.  The  effect  of  SiO*  content  on  strength  of  soil  stabilized  with 
silicates  should  be  further  investigated. 

Most  of  the  work  done  during  the  period  September  1959 -June  I960 
is  concerned  with  these  three  recommendations. 

New  Hampshire  Silt,  Vicksburg  Loess,  and  Vicksburg  Buckshot 
Clay  were  treated  with  basic  magnesium  carbonate  and  sodium  silicate 
in  varying  ratios  and  amounts.  The  effects  of  sodium,  magnesium,  and 
silica  contents  were  studied  in  these  soils. 

Calcium  hydroxide,  reactive  magnesium  oxide,  aluminum  hydroxide, 
and  zinc  carbonate  were  also  studied  as  precipitating  agents  with  sodium 
silicate.  Each  was  first  screened  in  a  test  in  the  absence  of  soil;  then 
those  which  appeared  promising  were  tested  in  Massachusetts  Clayev 
Silt.  “  “ 


The  study  of  the  effect  of  silica  content  on  sodium  silicate- 
magnesium  carbonate  stabilized  Massachusetts  Clayey  Silt,  begun  during 
the  previous  research  period,  was  completed. 

In  addition,  after  the  optimum  ratios  of  magnesium  and  sodium  to 
silica  were  determined,  the  effect  of  total  additive  content  at  these 
ratios  on  immersed  strengths  of  Massachusetts  Clayey  Silt  was  studied. 
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B.  Procedure 

-  ® 

1.  Materials 

The  soils  used  in  this  work  were  Massachusetts  Clayey  Silt  (M-21), 
New  Hampshire  Silt  (NHS),  Vicksburg  Loess  (VL),  and  Vicksburg  Buckshot 
Clay  (VBC), 

The  sodium  silicates  were  aqueous  solutions  provided  by  the 
Diamond  Alkali  Company,  the  compositions  of  which  are  listed  in 
the  table  below. 


Grade 

Weight  per  cent  solids 

Weight  ratio  Na£):SiO* 

58 

49.8 

1:1.58 

52 

46.  6 

1:2.40 

40 

37.5 

1:3.22 

The  magnesium  oxide  was  of  three  grades.  The  descriptions  of 
each  are  listed  in  the  table  below. 

Number  Description 

C-874,  Westvaco's  2667  MgO 
C-878,  Dow  MgO  (Texas  Div. )  Ball  Milled 
and  Air  Classified 

L-927,  Dow  MgO  (Ludington  Div. )  Fast  Setting 

Rosin  amine  D  acetate,  a  70%  solution  in  water  supplied  by  the 
Hercules  Powder  Company,  and  Arquad  16,  a  quaternary  ammonium 
salt  supplied  by  Armour  Industrial  Chemical  Company,  were  used. 

Reagent  grade  chemicals  used  were  basic  magnesium  carbonate 
(4MgCOj*  Mg(OH)2*  4H|0),  calcium  hydroxide,  sodium  hydroxide, 
potassium  hydroxide,  zinc  carbonate,  and  aluminum  hydroxide. 


210 

211 

213 


2*  Preparation  and  Testing  of  Soil  Samples 

The  same  mixing  procedure  was  maintained  for  most  samples.  The 
soil  and  any  solid  additives  were  first  dry-mixed,  then  the  silicate 
solution  and  sufficient  water  to  give  the  desired  water  content  were 
added.  Mixing  was  carried  out  in  a  finger -prong  mixer  and  was  continued 
until  the  composition  was  visibly  homogeneous  (about  four  or  five  minutes). 
In  some  samples,  one  or  more  additives  and  some  water  was  mixed  with 
the  soil  by  hand  and  allowed  to  sit  for  twenty-four  hours,  after  which  the 
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remaining  additives  and  water  were  mixed  in  the  finger-prong  mixer.  After 
mixing  the  soil  was  compacted  by  two-end  static  compaction  into 
cylindrical  samples,  in  a  Harvard  miniature  mold,  under  a  pressure 
of  900  to  1000  psi. 

Curing  periods  and  conditions  included:  (a)  1  day  at  100% 
relative  humidity;  (b)  1  day  at  100% relative  humidity  followed  by  1  day 
immersion  in  water;  (c)  one  week  at  100%  relative  humidity  followed  by 
1  day  immersion  in  water;  (d)  2  weeks  at  100% relative  humidity  followed 
by  1  day  immersion  in  water;  and  (e)  4  weeks  at  100% relative  humidity 
followed  by  1  day  immersion  in  water.  After  curing,  samples  were 
tested  to  failure  in  unconfined  compression.  After  testing,  samples 
were  dried  at  105  C  for  at  least  24  hours  to  determine  the  water  content. 

The  weight  and  dimensions  of  each  sample  were  taken  when  compacted 
and  just  before  testing.  From  the  data  recorded,  density  {lb  dry 
solids/cu.  ft. ),  and  per  cent  volatiles  (based  on  dry  solids)  at  test  were 
calculated. 


3.  Gel  Formation  in  the  Absence  of  Soil 

In  preparing  gels  the  dry  salt  was  added  to  a  diluted  sodium 
silicate  solution.  A  basis  of  one  part  of  water-free  sodium  silicate 
to  four  parts  of  water  was  maintained.  One  equivalent  of  precipitating 
salt  per  equivalent  of  sodium  was  added.  The  mixtures  were  stirred 
for  a  short  time.  The  gels  were  evaluated  qualitatively  on  the  basis 
of  visual  and  tangible  characteristics. 


C.  Results  and  Discussion  of  Results 

i.  Proposed  Mechanism  of  Soil  Stabilization  with  Sodium  Silicates 

In  previous  work  on  the  stabilization  of  M-21  with  sodium  silicates, 
it  was  proposed  that  stabilization  resulted  from  the  formation  of  a 
strong,  cementitious  gel.  This  gel  is  made  up  of  chains  of  silica  cross- 
linked  by  the  cation  of  the  precipitating  salt.  In  most  of  this  work  basic 
magnesium  carbonate  has  been  used  as  the  precipitating  salt;,  hence  the 
silica  chains  are  cross-linked  by  magnesium.  The  sodium  silicate 
initially  is  made  up  of  long  silica  chains,  to  which  sodium  is  bonded. 

The  magnesium  replaces  the  sodium  on  these  chains,  and,  since  it  is 
divalent,  can  bond  to  two  separate  chains,  forming  a  rigid  gel.  In 
addition  the  Mg  can  attack  the  silica  chains  directly,  but  this  process 
is  probably  slower. 

From  this  proposed  mechanism,  several  conclusions  were  deduced. 
With  any  given  silicate  (i.e. ,  constant  soda-silica  ratio),  providing  the 
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other  components  of  the  system  are  not  present  in  critical  amounts,  the 
greater  the  concentration  of  silica  (from  the  silicate)  added  to  the  soil, 
the  higher  the  resultant  strength  and  the  more  effective  the  stabilization. 
For  a  given  amount  of  silica,  however,  an  optimum  soda  content  exists, 
below  which  gel  cross-linking  sites  are  too  infrequent,  and  the 
apparently  diffusion-controlled  gelation  is  too  slow  to  stabilize  the  soil 
within  a  reasonable  time.  Above  this  optimum,  the  pH  of  the  pore 
fluid  is  very  high  and  the  precipitating  ion  is  removed  in  the  form  of  a 
basic  complex.  (In  M-21,  since  it  has  a  low  optimum  water  content, 
crystallization  of  Na*COj  is  also  a  significant  factor. )  In  addition,  an 
optimum  magnesium  content  also  exists.  Below  this  optimum  insuf¬ 
ficient  gelation  results,  while  above  the  optimum  either  the  gelation 
rate  may  be  too  rapid  for  best  results,  or  excessive  cross-linking 
may  occur.  A  proper  combination  of  all  the  above  factors  should 
yield  the  optimum  stabilizing  system. 


2.  Stabilization  of  New  Hampshire  Silt  with  Sodium  Silicates 
and  Basic  Magnesium  Carbonate 

In  an  attempt  to  determine  the  optimum  sodium  silicate  system  for 
stabilizing  NHS,  the  optimum  formulation  for  stabilization  of  M-21  was 
tried  in  NHS.  When  it  was  found  that  this  formulation  successfully 
stabilized  the  silt,  each  of  the  four  variables,  silica  content,  magnesium 
content,  sodium  content,  and  water  content,  were  varied  independently. 
The  effects  of  each  additive  are  shown  graphically  in  Figure  V  -1, 
where  they  are  compared  with  the  effects  of  each  additive  in  M-21  and  VL. 


a.  Effect  of  Silica  Content  (Constant  Sodium  and  Magnesium 
Content 


The  first  variable  to  be  investigated  was  silica  content.  The  results 
of  this  study  are  presented  in  Table  V  -la.  It  is  found  that  the  silica 
content  for  best  results  varies  with  curing  period. 

At  all  cures,  the  low  silica  samples  are  inferior  to  those  with  the 
intermediate  and  high  silica  contents.  This  can  be  explained  by  the 
fact  that  the  silica  chains  for  the  low  silica  samples  are  so  short  that 
the  gel  formed  cannot  compare  in  strength  with  either  of  the  other  two 
sets  of  samples. 

After  one  day  humid  cure,  the  intermediate  silica  content  gives 
the  highest  strength.  After  the  first  day,  the  magnesium  added  has 
attacked  the  silica  chain  at  the  points  to  which  the  sodium  was  originally 
bonded.  Since  the  sodium  and  magnesium  contents  are  constant,  the 
high  silica  content  samples  have  formed  less  compact  gels  and  are 
therefore  weaker. 
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As  curing  time  increases,the  strength  of  the  samples  with  high 
silica  content  increases  considerably  more  than  the  strength  of  the  samples 
with  intermediate  or  low  silica  contents  (see  Figure  V.  -1-ii-A),  This 
may  be  due  to  any  of  three  causes: 

M  The  rate  of  gelation  is  slower  at  the  high  silica  content. 

There  does  not  appear  to  be  justification  for  such  a  difference  in  gelation 
rate  since  all  of  the  other  conditions  (including  pH  which  is  determined 
by  the  amount  of  sodium)  are  similar.  In  any  case,  one  would  expect 
the  rate  of  reaction  to  be  increased  by  an  increase  in  the  concentration  of 
one  of  the  reactants  (silica). 

2.  )  There  is  present  in  the  soil  a  certain  amount  of  polyvalent 
metal  cations  in  a  rather  unreactive  form  which  belatedly  react  with 
the  silica  to  form  a  more  closely  knit  gel,  thus  increasing  the  strength 
of  the  sample.  This  effect  is  of  greater  advantage  at  the  high  silica 
content,  since  at  lower  silica  levels  the  cross-linking  may  be  excessive. 

3.  )  Direct  bonding  between  silica  chains  occurs.  At  high  silica 
contents,  this  possibility  is  increased. 

A  consideration  of  the  relation  between  wet  strength  and  magne¬ 
sium  content  seems  to  confirm  the  second  hypothesis  (see  below). 


b.  Effect  of  Magnesium  Content  (Constant  Sodium  and 

>  Magnesium  Contents)  . . 

After  the  effect  of  silica  content  had  been  determined,  the  effect 
of  magnesium  content  was  next  investigated.  Table  V  -lb  shows  these 
results. 

Magnesium  content  showed  the  same  effect  on  strength  develop¬ 
ment  at  both  silica  contents  studied.  Increased  magnesium  gave  higher 
strengths  after  one  day  humid  cure  and  after  one  day  humid  cure  and 
one  day  immersion.  However,  after  seven  day  cure  an  optimum 
magnesium  content  was  apparent. 

After  one  day  humid  cure  the  compressive  strength  was  found  to 
increase  with  magnesium  content  over  the  range  investigated.  In  the 
range  of  Mg  contents  investigated,  the  amount  of  magnesium  is  a 
measure  of  the  amount  of  cross-linkage  in  the  stabilizing  gel  after 
one  day  humid  cure. 

After  one  day  humid  cure  and  one  day  immersion,  the  same  argu¬ 
ment  applies.  At  the  low  magnesium  content  (1.2$  BMC,  0.  5  equiv.  " 
Mg/equiv.  Na)  the  cross -linkage  is  not  sufficient  to  stabilize  the  soil. 
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to  immersion  in  water,  even  though  there  is  enough  sodium  present  to 
permit  rapid  formation  of  a  gel  by  the  cations  present  in  the  soil.  This 
seems  to  indicate  that  at  low  magnesium  contents  the  rate  at  which  the 
cations  inherent  in  the  silt  can  unite  with  the  silica  chains,  even  at  the 
reactive  sites,  is  low.  At  magnesium  contents  at  which  stabilization 
does  result,  higher  magnesium  content  increases  the  amount  of  bonding 
between  silica  chains,  resulting  in  a  stronger  gel. 

i 

After  seven  day  humid  cure  and  one  day  immersion,  however,  an 
optimum  magnesium  content  at  1.8%  BMC  (0.75  equiv.  Mg/equiv.  Na) 
is  observed.  It  will  be  noted  here  that  the  strength  developed  at  the 
low  magnesium  content  (0.  5  equiv.  Mg/equiv.  Na)  is  305  psi,  which 
is  high  considering  that  similar  samples  disintegrated  on  immersion 
after  only  one  day  cure.  This  seems  to  confirm  the  presence  of  poly¬ 
valent  inorganic  cations  in  the  soil,  other  than  the  magnesium  added 
when  the  soil  was  compacted.  This  strength,  however,  is  not  quite  as 
great  as  that  of  the  next  higher  magnesium  content,  which  is  335  psi. 

This  discrepancy  is  due  to  a  difference  in  the  amount  of  cross-linkage 
between  silica  chains.  The  difference  in  cross-linkage  can  be  explained 
in  either  of  two  ways.  If  equilibrium  has  essentially  been  reached 
after  seven  days,  the  explanation  is  the  fact  that  the  cation  concentration 
in  the  low  magnesium  samples  is  lower  than  that  in  the  intermediate 
magnesium  samples.  If  equilibrium  has  not  been  reached,  the  higher 
magnesium  content  only  serves  to  increase  the  rate  of  bond  formation. 

If  the  latter  is  the  case,  longer  cure  periods  should  lessen  the  difference 
in  strength  observed  after  seven  days.  At  the  high  magnesium  content 
(1.0  equiv.  Mg/equiv.  Na)  the  strength  is  less  than  either  of  the  other  two 
samples.  This  is  probably  due  to  shrinkage  of  the  gel  formed,  either 
due  to  excessive  cross-linkage  or  to  an  overly  rapid  formation  of  the 
cross-linkages.  Thus,  apparently,  the  optimum  amount  of  magnesium 
is  larger  at  the  shorter  cure  times:  At  the  longer  cures  the  slower 
reacting  cations  from  the  soil  come  into  play  and  make  up  for  the 
difference. 

As  a  further  test  of  the  presence  of  additional  gel-forming  cations 
in  NHS,  samples  without  MgCOj  should  be  tested.  Such  samples  would 
be  expected  to  disintegrate  upon  immersion  after  one  day  cure,  but  to 
show  fairly  good  wet  strengths  after  longer  cure  periods. 


c*  Effect  of  Sodium  Content  (Constant  Silica  and  Magnesium 
Contents) 

The  results  of  this  study  are  shown  in  Table  V  -lc.  From  this 
table  it  is  seen  that  for  one  day  humid  cure  and  for  one  day  humid  cure 
followed  by  one  day  immersion,  an  optimum  sodium  content  exists  at 
about  2. 1 4%  NajQ,  but  that  after  seven  day  cure-one  day  immersion, 
lower  sodium,  content  is  slightly  preferable. 
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In  all  cases,  if  the  sodium  content  is  too  high  poor  strengths  result. 
This  can  be  charged  to  the  higher  pH  in  the  pore  fluid,  which  causes 
the  precipitation  of  basic  complexes  with  the  magnesium  and  other 
cations,  inhibiting  stabilization,  as  has  been  explained  above.  Apparently, 
the  maximum  pH  allowable  is  sharply  defined.  The  change  in  sodium 
concentration  investigated  was  only  a  little  over  twofold,  which  would 
change  the  pH  by  only  0. 3,  It  is  noteworthy  also  that  the  samples 
compacted  at  the  high  sodium  content  were  quite  plastic  in  comparison 
with  other  samples.  (These  samples  showed  a  strain  of:  3% after  one 
day  humid  cure,  as  compared  to  approximately  1%  for  normal  samples. 
Immediately  after  compaction  the  plasticity  was  even  more  notice¬ 
able.  )  This  high  plasticity  was  previously  noted  at  high  sodium  contents 
in  M-21,  The  higher  plasticity  at  high  sodium  contents  may  be  due  to 
the  established  dispersing  effect  of  sodium.  This  effect  also  tends  to 
increase  the  density.  In  fact,  1. 59%  Na^O  gave  densities  of  about 
102  lUdry  solid  per  cu.  ft.,  while  3,  24%  NajO  gave  densities  of  about 
about  111  lb.  dry  solid  per  cu.  ft.  An  alternative  explanation  for  the 
plasticity  may  be  the  cation,exchange  between  the  sodium  and  hydrogen 
ions  in  the  soil  resulting  in  the  combination  of  the  hydrogen  ions  with 
hydroxyl  ions  in  the  basic  pore  fluid  to  form  water. 

The  existence  of  an  optimum  soda  content  after  the  two  short 
cure  periods  may  be  attributed  to  the  availability  of  an  excess  of  sites 
at  which  cross-linking  can  be  rapidly  accomplished,  thereby  increasing 
the  rate  of  this  cross-linking.  After  longer  cure  periods  the  cations 
have  had  time  to  form  bonds  with  the  silica  whether  or  not  the  sodium 
is  present. 

The  approximate  optimum  additive  formulation  for  stabilization 
of  New  Hampshire  Silt  after  seven  day  cure,  found  by  investigating 
all  three  of  the  above-mentioned  effects,  is  a  soda  to  silica  weight 
ratio  of  1:3,  22,  and  a  ratio  of  equivalents  of  magnesium  to  sodium  of 
0.75.  Using  this  formulation,  strengths  of  365  psi  are  obtained  at  a 
total  additive  content  of  8.  5%  of  dry  soil  weight.  This  formulation  is 
only  approximate  as  the  effect  of  each  additive  was  investigated  by 
determining  only  three  points.  The  optimum  formulation  can  be  more 
accurately  ascertained  by  further  investigation  at  ratios  in  the  vicinity 
of  the  optimum  given  above. 


d.  Effect  of  Water  Content 

The  optimum  water  content  for  stabilizing  NHS  with  sodium 
silicate  was  not  known  when  the  effect  of  each  additive  was  determined. 
Twenty-one  per  cent  water  was  chosen  from  previous  work  with  cement 
as  the  molding  water  content  to  be  used. 
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However,  after  the  optimum  additive  formulation  was  determined, 
it  was  decided  that  the  effect  of  water  content  should  be  studied.  This 
study  was  not  completed,  but  partial  results  are  given  in  Table  V  -Id. 
The  table  shows  that  nineteen  per  cent  water  at  molding  gives  better 
strengths  than  twenty-one  per  cent  after  all  cures  used  (365  psi  as 
compared  with  335  psi  after  7  day  cure,  1  day  immersion). 


3.  Stabilization  of  Vicksburg  Loess  with  Sodium  Silicates  and 
Basic  Magnesium  Carbonate 

In  an  attempt  to  determine  the  optimum  sodium  silicate  system  for 
stabilizing  Vicksburg  Loess,  the  same  procedure  as  previously  described 
for  determining  the  optimum  formulation  for  NHS  stabilization  was 
followed.  However,  time  did  not  permit  completion  of  the  study  and 
only  the  effects  of  silica  and  magnesium  were  investigated.  These 
effects  are  shown  graphically  in  Figure  V  -1. 


a*  Effect  of  Silica  Content  (Constant  Sodium  and  Magnesium 
Contents)  ’  '  ~ 

The  results  obtained  from  the  study  of  the  effect  of  silica  content 
in  VL  are  shown  in  Table  V  -2a.  As  for  NHS,  it  can  be  seen  that  the 
best  silica  content  depends  on  the  cure  time  at  which  the  samples  are 
being  evaluated.  It  is  believed  that  the  results  obtained  in  this  study 
are  explainable  in  almost  the  same  manner  as  those  for  the  study  of 
the  effect  of  silica  in  NHS, 

After  one  day  humid  cure  the  magnesium  added  has  attacked 
the  silica  chains  at  their  active  sites  (i.e.  where  sodium  was  initially 
bonded).  The  longer  the  silica  chains,  the  less  dense  the  cross- 
linkage  that  has  resulted.  However,  in  each  case,  the  less  dense  cross- 
linkage  of  the  higher  silica  content  samples  has  been  almost  exactly 
counter-balanced  by  the  longer  silica  chain  lengths;  hence  the  one  day 
humid  cure  strengths  are  all  approximately  equal. 


After  one  day  humid  cure  and  one  day  immersion  the  attack  of 
the  silica  chains  by  other  cations  present  in  the  soil  is  beginning. 

This  ''secondary  attack”  appears  to  be  less  rapid  in  VL  than  in  NHS. 
This  is  illustrated  by  the  fact  that  the  strength  developed  by  the  high 
silica  samples  has  not  yet  equalled  that  developed  by  the  intermediate 
silica  samples.  However,  the  short  chain  lengths  of  the  low  silica 
samples  has  limited  the  strength  that  they  can  develop. 

After  a  week  of  humid  cure  and  one  day  immersion,  the  silica 
chains  have  been  bonded  together.  At  this  time  the  absolute  length  of 
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the  silica  chains  makes  itself  felt,  and  the  strength  developed  is  seen 
to  increase  with  increasing  silica  content. 


b.  Effect  of  Magnesium  Content  (Constant  Sodium  and  Silica 
Contents) 

Table  V.  «2b  shows  the  results  of  the  investigation  of  the  effect  of 
magnesium  content  in  Vicksburg  Loess.  This  effect  can  be  explained' 
by  the  mechanism  of  silicate  stabilization  proposed  above,  together  with 
the  existence  of  the  soil  of  other  cations  capable  of  forming  a  rigid  gel 
with  sodium  silicate. 

After  one  day  humid  cure  the  strengths  shown  increase  with 
magnesium  content  up  to  a  point,  after  which  the  strengths  begin  to  level 
off.  After  one  day  only  the  active  sites  of  the  silica  chains  have  been 
attacked,  and  only  the  magnesium  equivalent  to  the  amount  of  sodium 
can  react. 

After  one  day  humid  cure  and  one  day  immersion  the  magnesium 
along  with  other  cations  from  the  soil  has  begun  to  attack  the  silica 
chains.  The  rate  of  this  attack  is  increased  by  increasing  the  magnesium 
added  to  the  soil;  hence,  the  strengths  developed  are  found  to  increase 
with  magnesium  content. 

After  seven  days  cure  and  one  day  immersion  an  optimum  mag¬ 
nesium  content  is  found  at  2.4%  BMC  (1.  0  equiv.  Mg/equiv.  Na). 

Above  this  point,  the  rate  of  attack  of  the  silica  chains  may  have  been 
too  rapid  and  the  gel  has  shrunk  on  aging,  thereby  becoming  weaker. 
Below  the  optimum,  the  gel  does  not  have  as  much  cross-linking,  either 
because  of  an  insufficient  supply  of  potential  cross-linking  cations,  or 
because  the  cross-linking  reaction  has  proceeded  too  slowly  to  develop 
the  maximum  strength  at  this  time.  If  the  latter  is  the  case,  longer 
cure  periods  might  reveal  a  lower  optimum  magnesium  content. 

On  the  basis  of  the  results  obtained  thus  far,  it  appears  that  the 
optimum  soda-silica  ratio  is  1:3,22,  and  the  optimum  magnesium  to 
sodium  equivalent  ratio  is  1.0;  this  optimum  is  shown  from  the  wet 
strengths  obtained  after  seven  days  humid  cure.  At  a  total  additive 
content  of  9.  l%of  dry  soil  weight,  strengths  of  235  psi  are  obtained. 

It  might  also  be  expected  that  higher  sodium  contents  would  give 
better  strengths  after  short  cures,  but  that  after  seven  days  or  mojre 
the  sodium  content  would  have  almost  no  bearing  on  the  strength 
developed.  Of  course,  if  the  sodium  content;  is  too  high,  the  maximum, 
pH  for  strong  gel  formation  would  be  exceeded  and  very  low  strengths 
should  result. 
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4.  Stabilization  of  Vicksburg  Buckshot  Clay  with  Sodium  Silicates 
and  Basic  Magnesium  Carbonate 

In  attempting  to  stabilize  Vicksburg  Buckshot  Clay  with  sodium 
silicates,  one  formulation  of  soda,  silica,  and  magnesium  carbonate  was 
tried.  Even  though  this  did  not  succeed  in  stabilizing  VBC  to  immersion, 
the  amounts  of  each  additive,  as  well  as  the  molding  water  content,  were 
varied  in  the  hope  of  finding  a  successful  formulation. 


a.  Effect  of  Water  Content 


In  an  effort  to  determine  the  optimum  water  content  of  VBC 
stabilization  with  sodium  silicates  and  basic  magnesium  carbonate, 
several  samples  were  tested  which  contained  the  same  amounts  of 
additives,  but  varying  amounts  of  water.  The  compressive  strengths 
after  24  hour  humid  cure  were  then  compared.  This  comparison, 
which  is  presented  in  Table  V  -3,  indicated  that  a  molding  water  content 
of  about  23.  5  per  cent  yields  the  best  humid  cure  strengths. 

At  the  same  time  each  of  the  samples  was  subjected  to  24  hour 
immersion  following  humid  cures  of  24  hours  and  one  week.  Although 
all  of  the  samples  disintegrated  upon  immersion,  the  rate  of  dis¬ 
integration  was  observed  to  be  significantly  slower  for  the  samples  with 
higher  water  contents.  This  further  confirmed  the  fact  that  the  optimum 
water  content  for  developing  high  humid  cure  strengths  is  not  necessarily 
the  same  as  that  for  developing  good  immersion  strengths. 


b.  Effect  of  Silica  Content 

Table  V  -4  presents  the  results  of  a  study  of  the  effect  of  silica 
content  on  humid  cure  strength  of  VBC.  It  was  found  that  for  a  given 
magnesium  and  sodium  content,  an  optimum  silica  content  existed.  This 
seems  to  indicate  that  the  humid  cure  strength  developed  in  this  soil  is 
more  dependent  on  the  "cross-linkage  density",  that  is,  the  number  of 
cross-linking  bonds  between  silica  chains  per  unit  length  of  chain, 
rather  than  on  the  absolute  chain  length.  The  sodium  and  magnesium  to 
silica  ratio  must  be  high  enough  to  form  dense  cross-linkage  between 
silica  chains.  Hence,  an  increase  in  silica  without  a  corresponding 
increase  in  sodium  and  magnesium  reduces  the  strength  developed. 
However,  if  the  three  components,  sodium,  magnesium,  and  silica,  are 
increased  in  the  same  proportion,  the  resultant  humid  cure  strength  is 
greater,  as  is  shown,  in  Table  V  -4.  The  results  of  this  table  are" 
presented  graphically  in  Figure  V  -2.  From  this,  it  appears  that  the 
optimum  weight  ratio  of  SiO*  to  Na*0  should  lie  between  0.75  and 
1.75. 
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c.  Effect  of  Sodium  Content 


As  shown  in  Table  V:  -5a,  a  decrease  in  the  sodium  content  of  VBC 
at  constant  silica  and  magnesium  contents  results  in  poor  humid  cure 
strengths.  This  fortifies  the  conclusion  that  the  magnesium  cannot 
combine  rapidly  with  silica  except  at  points  where  sodium  is  present. 

However,  it  is  known  that  when  calcium  or  magnesium  montmoril- 
lonite,  which  is  present  in  large  amounts  ‘in  VBC,  undergoes  cation 
exchange  with  sodium,  it  swells  greatly  when  contacted  with  water. 

This  swelling  can  be  expected  to  cause  breakage  of  the  gel  bonds;  hence 
the  samples  disintegrate  when  immersed  in  water.  If  one  observes  the 
disintegration  of  a  silicate -stabilized  VBC  sample  during  immersion, 
he  will  notice  that  it  proceeds  rather  slowly,  with  an  outer  particle 
of  the  clay  swelling,  then  breaking  off  and  falling  to  the  bottom  of  the 
container.  In  some  of  the  weaker  samples  the  entire  sample  will 
swell  to  1  1/2  times  its  original  diameter  and  height  before  disinte¬ 
grating.  If  at  any  time  during  this  process  the  immersed  sample  is 
cut  in  two,  the  center  of  the  sample  will  be  found  to  be  dry,  a  clear 
indication  that  capillary  uptake  of  water  is  not  a  cause  of  disintegration. 
This  shows  that  the  swelling  of  sodium  montmorillonite  may  be  an 
important  cause  of  the  disintegration  of  stabilized  soils  under  water. 

The  above  two  facts  present  a  dilemma:  Small  amounts  of  sodium 
(approximately  less  than  1%  Najp)  result  in  very  little  bond  formation, 
and  consequently  poor  stabilization;  and  sufficient  amounts  for  stabili¬ 
zation  result  in  a  considerable  amount  of  sodium  montmorillonite  which 
swells  when  wet,  breaking  any  gel  bonds  which  may  have  been  formed. 

One  possible  way  of  overcoming  this  situation  was  thought  to  be 
the  use  of  a  low  sodium  content  silicate,  with  additional  potassium 
hydroxide  to  provide  cross-linking  sites.  Previous  work  had  shown 
that  addition  of  sodium  hydroxide  to  a  silicate  which  is  low  in  sodium 
results  in  a  solution  with  equal  gel-forming  abilities  to  the  ready-made 
silicate  solution  with  the  desired  soda  content.  Potassium  hydroxide 
was  expected  to  act  in  the  same  manner,  and  the  potassium  montmorillonite 
was  expected  to  swell  less  than  sodium  montmorillonite.  However,  as  is 
shown  in  Table  V  -5a,  the  humid  cure  strength  obtained  using  KOH  was 
no  greater  than  if  the  potash  had  been  absent.  Apparently  the  KOH 
does  not  attack  the  silica  chains  rapidly  enough  to  provide  active  cross- 
linking  sites  for  the  magnesium  to  attack.  On  immersion  the  samples 
disintegrated,  but  the  swelling  was  noticeably  less  than  in  the  other 
samples. 
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d.  Effect  of  Magnesium  Content 

*  ™  V  *5b  presents  the  effects  of  magnesium  content  on  the 

stabilization  of  VBC.  The  data  show  that  the  optimum  magnesium 
content  for  humid  cure  strength  development  in  VBC  is  about  1.0 
This  is  to  be  expected  since,  if  the  magnesium  content  is  too  high,  the 
excess  magnesium  causes  the  reaction  to  proceed  much  too  rapidly 
and  subsequent  gel  shrinkage  significantly  weakens  the  sample.  In 

fnnLi  f  ’  f  °d  Strengths  were  developed  at  magnesium-sodium 

°WKiS  u'5;  h0wever*  in  VBC’  aVore  difficultly 
stabilized  soil,  observable  humid  cure  strength  improvement  does 

the  faerTthPtUntl1  thevrlti0  is  much  nearer  unity-  This  may  be  due  to 
he  fact  that  cross-linking  sites  must  be  more  frequent  to  realize 

txllS  0lI6Ctt 


e.  Effect 


Jroofint 


Due  to  the  unusual  disintegration  observed,  as  described  pre¬ 
viously  m  the  section  on  the  effect  of  sodium  content  in  VBC,  and  in 

mo  ±10  os  g  hUmid  CUrJ  StrengthS  deVel°ped  by  SOme  Modulations 
(  10  ±  10  psi,  as  compared  to  approximately  200  for  VBC  alone)  it 

thatnperhaps  a  stabiHzing  gel  is  being  formed  in  the  soil, 

imm* rs  SW€?  °f  Sodlum  montmorillonite  when  the  samples  are 
immersed  causes  the  rupture  of  this  gel.  If  this  were  true,  all  that 

would  be  necessary  to  successfully  stabilize  VBC  with  a  silicate  svstem 
would  be  to  find  a  suitable  waterproofing  agent.  Such  a  waterproofer 
should  be  cationic  so  that  it  would  undergo  cation  exchange  with  the 
calcium  and  magnesium  montmorillonite  in  the  soil. 

A  number  of  these  were  tried  in  a  vain  attempt  to  produce  a 
combination  which  would  stabilize  the  clay.  Results  of  each  of  these 
efforts  are  shown  in  the  table  below. 


Waterproofer  Added  and 
_  Amount 


24  Hour  Humid  Cure  Strength 


Rosinamine  D- acetate  (0.1%) 
A r quad  16  (0. 1%) 


All  samples  disintegrated  upon  immersion. 
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It  will  be  noted  that  not  only  was  the  VBC  not  stabilized  to  immer¬ 
sion,  but  also  the  humid  cure  strengths  were  reduced  when  these 
waterproofers  were  used.  When  the  samples  disintegrated  under  water 
it  was  obvious  visually  that  swelling  had  not  been  halted. 

A  possible  reason  for  both  the  failure  to  halt  swelling  of  the  soil 
and  the  lessening  of  humid  cure  strengths  is  that  the  cationic  water - 
proofer  exchanges  with  the  sodium  silicates  rather  than  with  the  mont- 
morillonite.  This  would  inhibit  the  magnesium  cross-linkage  of  the 
silica  chains,  as  well  as  failing  to  prevent  swelling. 

There  are  still  a  number  of  waterproofing  agents  (ferrous  and 
ferric  salts,  melamine,  and  others),  which  have  not  been  tried,  but 
the  outlook  for  developing  a  sodium  silicate  system  which  will  stabilize 
VBC  is  not  very  bright. 


5.  Investigation  of  Precipitating  Agents  Other  than  Basic 
Magnesium  Carbonate 

a.  Gel  Formation  in  the  Absence  of  Soil 

Screening  tests  in  the  absence  of  soil  performed  during  the  period 
September  1958-June  1959  had  investigated  the  gel  forming  character¬ 
istics  of  calcium  chloride,  calcium  dihydrogen  phosphate,  magnesium 
sulfate,  calcium  carbonate,  calcium  hydroxide,  and  calcium  sulfate, 
besides  basic  magnesium  carbonate.  However,  a  number  of  other  salts 
warranted  investigation.  A  few  of  them  were  investigated  during  the 
period  September  19 59 -June  I960. 

Results  obtained  upon  reacting  zinc  carbonate,  aluminum  hydroxide, 
and  three  types  of  reactive  magnesium  oxide  with  sodium  silicates  are 
given  in  Table  V-6,  where  they  are  compared  with  identical  experiments 
using  BMC. 

The  only  test,  other  than  the  one  with  BMC,  which  resulted  in 
formation  of  a  gel  was  that  made  with  MgO  No.  213  with  the  most 
siliceous  silicate.  Apparently  MgO  is  very  insoluble  in  the  most  basic 
silicate  solution  and  cannot  react.  The  gel  formed  with  MgO  was  very 
dense,  forming  only  at  the  very  bottom  of  the  beaker.  A  large  volume 
of  supernatant  liquid  was  present. 


These  results  indicated  that  the  most  reactive  MgO  (No.  213) 
might  possibly  be  an  alternate  to  MgCO,  in  silicate  stabilization.  The 
other  substances  investigated  do  not  appear  promising. 
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b*  Stabilization  of  Massachusetts  Clayey  Silt  with  Magnesium 
Oxide  Number  213  and  Sodium  Silicates 

A  comparison  of  the  results  obtained  upon  stabilization  of  M-21 
with  sodium  silicates  with  magnesium  oxide  and  basic  magnesium 
carbonate  as  precipitating  agent  is  presented  in  Table  V-7. 

The  table  shows  that  for  cures  up  to  seven  days  the  samples 
compacted  with  MgO  are  considerably  weaker,  but  that  the  strength 
developed  by  these  samples  continues  to  increase  with  time,  until, 
after  twenty-eight  days,  the  strength  of  the  MgO  samples  is  equal  to 
that  of  BMC  samples  with  the  same  number  of  equivalents  of  mag¬ 
nesium,  Thus  the  gel-forming  abilities  of  the  two  magnesium  salts 
are  about  equal,  but  the  magnesium  oxide  is  considerably  slower  to 
react.  The  reaction  can  be  speeded  up  by  increasing  the  amount  of 
MgO  added  as  is  evidenced  by  the  increase  in  strength  with  magnesium 
content  for  the  MgO  samples. 

Upon  testing  the  BMC  samples  at  various  cure  periods,  it  was 
found  that  the  strength  developed  decreases  with  time  to  a  minimum 
at  about  two  weeks  cure  and  then  begins  to  increase  again.(Table  V-3).  The 
original  decrease  is  probably  due  to  shrinkage  of  the  gel  formed  with 
resultant  weakening  of  the  soil.  As  the  gel  shrinks,  however,  it  can 
be  postulated  that  the  cross-linking  bonds  now  placed  under  consider¬ 
able  stress  slowly  rearrange  themselves  to  form  a  more  stable 
configuration.  As  the  bonds  are  rearranging  the  strength  increases  up 
to  its  ultimate  value,  which  is  reached  when  the  final  stable  configura¬ 
tion  has  been  attained. 

Since  the  reaction  of  the  MgO  is  very  slow,  the  strength  would 
be  expected  to  increase  steadily  with  time  until  the  ultimate  value  is 
obtained. 


MgO  has  three  advantages  over  BMC  as  far  as  use  in  silicate 
stabilization  is  concerned:  (1)  a  smaller  weight  must  be  added  to  the 
soil  per  equivalent  of  magnesium;  (2)  MgO  is  more  dense  than  BMC 
and  therefore  less  bulky  for  a  given  weight;  and  (3)  the  carbonate  ion 
is  not  present  in  MgO  and  the  problem  of  possible  sodium  carbonate 
crystallization  is  eliminated.  Its  one  disadvantage  is  that  the  gel¬ 
forming  reaction  is  so  slow  that  a  considerable  amount  of  time  is  neces¬ 
sary  to  build  up  good  strengths.  A  good  stabilizing  system  might  then 
be  the  sodium  silicates  with  a  combination  of  BMC  and  MgO. 

Enough  basic  magnesium  carbonate  should  be  added  to  develop  barely 
satisfactory  strengths  within  a  reasonable  time  and  the  remaining 
magnesium  to  give  the  desired  ultimate  strength  should  be  added  in 
the  form  of  the  oxide.  One  such  experiment  was  carried  out  and  the 
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results  are  shown  in  Table  V-7,  From  these  results  such  a  procedure 
appears  favorable.  Further  work  should  be  done  to  investigate  the  best 
relative  amounts  of  the  oxide  and  carbonate  which  should  be  used. 


c*  Stabilization  of  Massachusetts  Clayey  Silt  with  Sodium 
Silicate  and  Calcium  Hydroxide 

■  u  frevious  screening  tests  had  suggested  that  calcium  hydroxide 
might  be  a  successful  precipitating  agent  with  sodium  silicates  in  the 
stabilization  of  soil.  However,  as  is  shown  in  Table  V-8,  significant 
strength  after  immersion  is  not  obtained  until  the  lime  content 
reaches  about  five  per  cent  of  dry  soil  weight.  At  this  point,  it  is 
believed  that  the  stabilization  is  primarily  due  to  the  lime  rather  than 
the  silicate,  since  the  same  amount  of  lime  with  much  smaller  quanti¬ 
ties  of  silicate  stabilized  M-21  almost  as  effectively.  In  any  event 
the  strengths  obtained  with  five  per  cent  lime  were  far  less  than  those 
obtained  using  only  1,6  per  cent  basic  magnesium  carbonate.  This 
may  be  caused  by  premature  reaction  of  the  lime  with  the  silicate,  as 
is  evidenced  by  the  low  densities  obtained. 


6*  Stabilization  of  Massachusetts  Clayey  Silt  with  Sodium 
Silicate  and  Basic  Magnesium  Carbonate 

a*  Effect  of  Silica  Content 


The  results  of  this  study  are  presented  in  Table  V-9.  This 
investigation  was  begun  during  the  previous  research  period  and  some 
of  the  results  presented  in  the  table  are  taken  from  the  report  of  that 
period.  These  results  obtained  previously  show  that  in  the  low  range 
of  silica  contents  increasing  silica  content  increases  strength  develop¬ 
ment  for  one  day  humid  cure  and  one  day  humid  cure -one  day  immersion 
and  two  week  humid  cure.  It  would  be  expected  that  the  same  results 
would  be  obtained  from  testing  at  seven  day  humid  cure  followed  by 
one  day  immersion.  J 

The  table  shows,  however,  that  in  the  intermediate  to  high  range 
of  silica  contents,  strength  decreases  with  increasing  silica  content, 
rhis  can  be  explained  by  the  less  dense  cross-linkage  which  must 
result  when  the  high  silica  silicates  are  used.  There  is  less  cross- 
linking  per  unit  length  of  silica  chain.  In  NHS  and  VL,  it  was  found 
that  the  high  silica  samples  gave  higher  wet  strengths  after  seven  days 
humid  cure,  possibly  due  to  slow  formation  of  additional  cross- 
linkages  by  gel  forming  cations  in  the  soil.  In  M-21,  no  significant; 
wet  strength  improvement  upon  longer  cure  is  noted.  It  may  be’ 
supposed  that  the  more  easily  liberated  exchangeable  cations  of  M-21 
react  without  great  delay  with  the  silicate. 
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It  was  observed  that,  in  M-21,  an  optimum  silica  content  exists, 
and  that  this  optimum  is  lower  than  the  silica  content  which  gives  the 
best  strengths  in  NHS  and  VL.  Since  metal  cations  are  more  reactive 
in  an  acid  medium,  and  since  silica  is  more  reactive  in  a  basic  medium, 
it  is  likely  that  an  optimum  pH  for  the  formation  of  a  gel  with  silica 
and  metal  cations  exists. 

Other  things  being  equal,  a  higher  optimum  pH  for  gel-formation 
would  result  from  the, .presence  of  more  reactive  metal  ions.  If  the 
cations  in  M-21  are  indeed  more  reactive  than  those  in  NHS  and  VL, 
it  would  be  expected  that  the  pH  for  stabilization  of  M-21  would  be 
higher  than  for  the  other  two  soils.  At  a  constant  sodium  content,  the 
pH  in  the  pore  fluid  will  increase  with  decreasing  silica.  Then  the 
greater  reactivity  of  cations  in  M-21  is  a  possible  explanation  of  the 
lower  optimum  silica  content  in  that  soil. 

Other  factors  which  probably  affect  the  pH  of  the  pore  fluid  are 
the  differences  in  buffer  action  and  water  content  among  the  soils. 

This  last  study  of  the  effect  of  additives  in  M-21  stabilized  with 
BMC  and  sodium  silicates  fixes  the  optimum  ratios  of  additives  for 
stabilization  of  Md  21.  This  optimum  is  a  soda  to  silica  weight  ratio 
of  1:2. 4,  and  a  magnesium  to  sodium  equivalent  ratio  of  0. 75.  At 
a  total  additive  content  of  7 .  2%  of  dry  soil  weight,  wet  strengths  of 
650  and  610  psi  are  obtained  after  one  and  seven  days  humid  cure 
respectively. 


b*  Effect  of  Total  Additive  Content  at  Constant  Silica: 
Soda:  Magnesium  Ratios  ™~  ~ 


Once  the  optimum  silica:soda: magnesium  ratios  have  been  deter¬ 
mined,  it  was  felt  that  a  study  of  the  effect  of  total  additive  content 
in  the  optimum  formulation  should  be  studied.  This  was  accomplished 
by  varying  the  silica  content  holding  the  ratio  of  sodium  to  silica, 
and  the  ratio  of  magnesium  to  sodium  constant.  The  results  of  the 
study  are  presented  in  table  form  in  Table  V-10  and  in  graphical  form 
in  Figure  V-4.  From  the  figure,  the  necessary  amounts  of  silica, 
magnesium,  and  sodium  necessary  for  development:  of  any  given 
strength  can  be  calculated  {using  the  constant  ratio). 

As  was  expected,  the  strength  developed  increased  with  increasing 
amount  ot  additive.  However,  at  some  point  above  the  range  investi¬ 
gated  the  curve  of  strength  versus  additive  content  may  be  expected  to 
level  off. 
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D.  Conclusions 


1.  The  optimum  formulation  for  the  stabilization  of  NHS  with 
sodium  silicates  and  BMC  is  a  1:3.  2  soda  to  silica  weight  ratio  and  a 
0,75  magnesium  to  sodium  equivalent  ratio.  Soaked  strengths  of  300 
and  365  psi  are  obtained  after  one  and  seven  days  humid  cure, 
respectively,  at  a  total  additive  level  of  8, 5$  of  dry  soil  weight. 

This  optimum  was  determined  to  give  the  best  results  after  seven  day 
cure  and  one  day  immersion, 

2.  The  optimum  formulation  for  the  stabilization  of  VL  with 
sodium  silicates  and  BMC  is  a  1:3,  2  soda  to  silica  weight  ratio  and 
a  1.0  magnesium  to  sodium  equivalent  ratio.  Soaked  strengths  of 

90  and  235  psi  are  obtained  after  1  and  7  days  humid  cure,  respectively, 
at  a  total  additive  level  of  9. 1%  of  dry  soil  weight.  This  optimum  was 
determined  to  give  the  best  results  after  seven  day  cure  and  one  day 
immersion. 

3.  The  optimum  formulation  for  the  stabilization  of  M-21  with 
sodium  silicates  and  BMC  is  a  1:2,4  soda  to  silica  weight  ratio  and  a 
0, 75  magnesium  to  sodium  equivalent  ratio.  Soaked  strengths  of  650 
and  610  psi  are  obtained  after  one  and  seven  days  humid  cure, 
respectively,  at  a  total  additive  level  of  7.  2#  of  dry  soil  weight. 

4.  The  optimum  soda  to  silica  weight  ratio  in  NHS  and  VL  is 
lower  than  that  for  M-21. 

5.  In  order  to  increase  the  humid  cure  strength  of  VBC,  dense 
cross-linkage  between  silica  chains  is  required;  hence,  high  sodium 

to  silica  ratios  and  about  a  unit  equivalent  ratio  of  magnesium  to  sodium 
are  necessary.  At  these  ratios,  increased  silica  content  gives  increased 
humid  cure  strengths.  Strengths  up  to  480  psi  were  recorded  at  high 
silica  contents, 

6.  In  the  ranges  studied,  sodium  silicate  and  magnesium  car¬ 
bonate  alone  will  not  stabilize  VBC  to  immersion,  evidently  due  to  the 
foi  mat  ion  of  highly  swelling  sodium  montmorillonite.  All  waterproofing 
agents  tried  thus  far  do  not  help  to  stabilize  the  soil.  Consequently, 

it  is  felt  that  stabilization  of  montmorillonoid  clays  with  silicate  systems 
is  very  unlikely. 

.  7.  Calcium  hydroxide  and  sodium  silicate  are  not  as  successful  in 
stabilizing  M-21  as  basic  magnesium  carbonate  and  sodium  silicate 
(223  psi  as  compared  to  610  psi  after  7  day  cure  and  i  day  immersion). 
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A  fast  setting,  reactive  magnesium  oxide  with  sodium  silicate 
will  stabilize  M-21  as  well  as  an  equivalent  amoung  of  MgCOj.  However, 
the  strength  development  is  so  slow  that  at  least  some  basic  magnesium 
carbonate  should  be  used  to  realize  good  strengths  within  a  reasonable 
length  of  time. 


E.  Recommendations 


1.  Salts  of  other  di-  and  trivalent  ions  should  be  investigated 

as  possible  substitutes  for  basic  magnesium  carbonate  as  a  precipitating 
agent.  Ferrous,  zinc,  barium,  and  ferric  salts  have  been  suggested. 

2.  A  study  to  find  the  optimum  formulations  more  accurately  in 
NHS  and  VL  should  be  made. 

3.  The  variation  of  strength  developed  with  additive  content  at 
the  optimum  formulations  of  NHS  and  VL  should  be  made  so  that  the 
necessary  additive  contents  to  obtain  a  desired  strength  can  be 
determined. 

4.  Use  of  a  mixture  of  magnesium  oxide  and  basic  magnesium 
carbonate  as  a  precipitant  for  sodium  silicate  should  be  investigated. 

The  optimum  relative  amounts  of  each  should  be  determined. 

5.  Stabilization  of  NHS,  VL,  and  M-21  without  a  precipitating 
agent  should  be  tried  to  study  the  action  of  cations  which  may  be 
present  in  the  soil. 
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Table  V-3 

EFFECT  OF  WATElt  CONTENT  ON  vwn  ST  A BILJZKD 
WITH  SODIUM  SILICATES  AND  MgCO, 

1.6$  NajO,  3.8$SiO*,  2.2$  BMC* 


$  Water1  $  Volatiles1 

at  Molding  at  Test 


Compressive 

Strength,  psi  Dry  TJennity 
after  24 -Hour 
Humid  Cure 


23.5 

22.5 

25.0 

22.8 

27.0 

27.6 

28.0 

26.7 

30.0 

31.0 

32.0 

31.3 

260  ±  10 

98.5 

200  ±  10 

99.0 

205  ±  5 

96.0 

225  ±  15 

98.5 

200  ±  10 

94.5 

185  ±  5 

93.5 

1  See  Note  1,  Table  V-l 
1  See  Note  2,  Table  V-l 
*  Basic  Magnesium  Carbonate 
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TABLE  V-6 


SUMMARY  OF  GEL  TESTS  IN  ABSENCE  OF  SOIL 


No.  Sample  Gelation  Time  Gel  Characteristics 


1. 

1  Najp:1.58  Si02 
BMC1 

1  hour 

Firm,  moist  gel  becoming 
more  rigid  as  it  dries 
out.  No  supernatant 
liquid. 

2. 

1  NajO:l.  58  Si02 
MgONo.  213 

Powdery  ppt. 

3. 

1  NajO:  1.  58  Si02 
MgO  No.  210 

Powdery  ppt. 

4. 

1  NajO:1.58  Si02 
MgO  No.  211 

Powdery  ppt. 

5. 

1  Na^l.  58  Si02 
ZnCOi 

Powdery  ppt. 

6. 

1  Na|0:l,  58  Si02 
Al(OH)j 

Powdery  ppt. 

7. 

1  Na/D:3. 22  Si02 
BMC1 

4  1/2  hours 

Firm,  moist  gel  very 
similar  to  No.  1,  but  perhaps 
a  little  weaker.  No  super¬ 
natant  liquid. 

8. 

1  Na20:3,  22  Si02 
MgONo.  213 

4  1/2  hours 

Hard,  amorphous,  small - 
volumed  gel.  Essentially 
all  of  the  liquid  remains 
supernatant. 

9. 

1  ^,0:3.22  Si02 
MgO  No.  210 

Powdery  ppt. 

10. 

1  Na20:3.22  Si02 
MgONo.  211 

Powdery  ppt. 

11. 

1  NaI0:3.22  Si02 
ZnCOj 

Powdery  ppt. 

12. 

1  Na|Q:3.22  Si02 
Al(OH), 

Powdery  ppt. 

1  -  Basic  Magnesium  Carbonate 
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-  Basic  Magnesium  Carbonate 


TABLE  V-8 


-  Commercial  lime  used  (Personal  communication  from  Charles  C.  Ladd) 

-  Basic  Magnesium  Carbonate 
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FIGURE  1*1  EFFECT  OF  SILICA,  SOOIUM,  ANO  MAGNESIUM  CONTENTS  ON  WET  STRENGTH  OF  M-21,  MH.S 
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24- HR.  HUMID  CURE  COMPRESSIVE  STRENGTH,  PSl 


FIGURE  ¥-2  EFFECT  OF  SILICATE  BASICITY 
ON  STABILIZATION  OF  VBC 


Notf: 

i  -  Basic  Magnesium  Corbonate 


WET  COMPRESSIVE  STRENGTH  „  PS> 


FIGURE  2-3  COMPARISON  OF  WET  STRENGTH  DEVELOPED 
vs  CURE  PERIOD  FOR  EQUIVALENT  AMOUNTS 
OF  BMC  AND  MsO  IN  (VI-21 


COMPRESSIVE  STRENGTH  ,  p Sf 


FIGURE  2-4  VARIATION  OF  STRENGTH  DEVELOPED  WITH 
TOTAL  ADDITIVE  CONTENT  IN  M-21 


w.  SOIL  STABILIZATION  WITH  ASPHALT  EMUi  sinwQ 


A.  Introduction 

Asphalt  is  an  inexpensive  and  convenient  means  for  the  stabilization 
of  fine-grained  soils,  but  it  must  be  reduced  in  viscosity  for  adequate 
admixture  with  or  penetration  of  the  surfaces  of  these  soils.  Two  means 
of  accomplishing  this  are:  (a)  solution  of  the  asphalt  in  an  organic 

Sf  1V!ut#  2*  mixtuu^e  known  as  a  "cutback",  and  (b)  emulsification 
of  either  the  asphalt  or  a  cutback  in  an  aqueous  solution.  The  use  of 

asphalt  emulsions  in  preference  to  cutbacks  permits  the  incorporation 
of  a  water-soluble  soil -stabilizing  additive,  phosphoric  acid,  in  one 
step  and  reduces  the  danger  of  flammability.  Thus,  the  object  of 
this  year's  research  with  asphalt  as  a  soil  stabilizing  and  waterproofing 
agent  has  been  the  preparation  of  asphalt-in-water  emulsions  containing 
phosphoric  acid  for  the  purposes  of  (a)  strengthening  and  improving  the 
erosion  resistance  characteristics  of  soils  by  topical  application  of 
emulsions  to  the  surface,  and  of  (b)  increasing  the  load  bearing  capacity 
of  soils  by  incorporation  of  emulsions  in  a  compacted  soil  mass  bv 
mechanical  mixing.  y 

The  topical  application  of  soil -stabilizing  materials  in  liquid  form 
would  provide  a  highly  satisfactory  method  for  the  surface  treatment  of 
sous.  In  those  instances  in  which  mechanical  incorporation  of  these 
materials  is  not  feasible  from  economical  or  practical  considerations 
the  application  of  asphalt  in  emulsified  or  cutback  form  shows  excellent 
promise  as  a  means  of  increasing  the  water  and  abrasion  resistance  and 
of  improving  the  load  bearing  characteristics  of  a  thin  layer  of  soil 
surface.  Topical  treatment  of  soils  is  of  importance  in  controlling  the 
erosion  of  earth  slopes,  the  seepage  in  reservoirs  and  ponds,  and  in 
increasing  the  resistance  of  surfaces  to  mechanical  deterioration. 

thP  nnfrjrt06  performed  in  this  Moratory  (Ref.  1)  demonstrated 
the  possibility  of  preparing  emulsions  stabilized  with  a  nonionic 

emulsifying  agent*  and  containing  phosphoric  acid  which  are  capable 

«rng  the  sur[ace  of  a  «ne  sand  to  depths  of  up  to  two  inches. 

Thus,  after  ascertaining  what  variables  of  emulsion  composition  and 
method  of  preparation  were  of  importance  in  promoting  soil  penetrability 

condit^ns^h1^  e?UlSi°7  Were  prepared  and  aPPlied  under  specified 
conditions  to  the  surfaces  of  several  soils.  The  permeability  of  these 

treated  surfaces  to  a  constant  head  of  water,  the  resistance  of  the 
surfaces  to  penetration  by  a  given  weight  load,  and  the  stability  and 
erosion  resistance  of  the  surfaces  when  subjected  to  a  high-speed  water 
spray  irected  perpendicularly  to  the  surface  were  employed  as  tests 
to  evaluate  the  performance  of  the  stabilized  surfaces  under  anticipated 
natural  weathering  conditions,  F 
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For  the  corporative  stabilization  of  soils  with  asphalt,  emulsions 
prepared  with  the  use  of  cationic  emulsifying  agents  are  believed  to 
"plate  out"  on  the  soil  particles,  producing  a  more  effective  adhesion 
between  asphalt  and  soil  than  that  obtained  with  the  use  of  anionic  and 
nonionic  emulsifiers,  and  providing  more  effective  waterproofing  of  the 
compacted  soil  samples.  Stabilization  of  Massachusetts  Clayey  Silt 
(M-21)  and  Vicksburg  Buckshot  Clay  (VBC)  with  cationic  emulsions 
containing  phosphoric  acid  have  in  the  past  given  compressive  strengths 
much  less  than  those  which  can  be  obtained  using  phosphoric  acid  alone. 
The  observable  inhomogeneity  of  the  mixtures  of  emulsion  and  soil, 
due  to  rapid  breaking  of  the  emulsion  and  deposition  of  the  asphalt 
particles  before,  adequate  mixing  had  been  obtained,  is  undoubtedly 
the  reason  for  these  low  strengths.  Since  the  depths  of  penetration 
achieved  with  emulsions  prepared  for  topical  treatment  indicated  that 
these  emulsions  were  more  stable  and  less  likely  to  deposit  asphalt 
at  a  rapid  rate,  the  stabilization  of  the  aforementioned  soils  was 
investigated  with  the  use  of  these  emulsions. 


B.  Experimental  Procedure 

1.  Materials  for  Emulsification 

A  moderately  hard  (40-50  penetration)  and  a  moderately  soft 
(100-120  penetration)  straight  run,  vacuum  distilled  asphalt  were 
emulsified  in  tap  water  using  several  promising  cationic  and  nonionic 
emulsifiers,  including: 

a.  Duomeen  S  --  a  diamine  of  the  form  R-NH-CjH^-NHj,  where 
R  is  derived  from  soya  oil, 

b.  Duomeen  T  --  a  diamine  of  the  same  form,  derived  from 
tallow, 

c.  Rosin  Amine  I)  --  a  diamine  of  abietic  acid  (CjqHjo)*),  and 

d.  Nonic:  218  --  a  nonionic  condensation  product  of  dodecyl 
mercaptan  and  ethylene  oxide. 

Technical  grade  samples  of  the  Duomeens  were  supplied  by  the 
Armour  Industrial  Chemical  Company,  of  the  Rosin  Amine  D  by  the 
Hercules  Powder  Company,  and  of  the  Nonic  218  by  Sharpies  Chemicals. 
Reagent  grade  meta-  and crtho- phosphoric,  acetic,  hydrochloric  and 
sulfuric  acids  constituted  the  water  soluble  portions  of  the  diamine 
emulsifiers.  The  chlorides  of  transition  series  metals  (CrClj*  6HtO, 
FeCl,*  6HjO,  CoCl**  6HjO,  NiCl**  2H*0,  CuCl,*  2H  A  and  CdCly  2.  5H*0) 
and  calcium  chloride -dihydrate  and  aluminum  chloride -hexahydrate. 
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added  in  trace  amounts  to  specified  Duomeen  T- hydrochloride  emulsions, 
were  also  reagent  grade.  Methyl  cellulose  and  cetyl  alcohol,  which 
were  employed  as  emulsion  stabilizers,  were  of  technical  grade.  The 
four  volatile,  asphalt-miscible  organic  solvents  used  to  reduce  the 
viscosity  of  the  asphalt,  gasoline,  kerosene,  xylene  and  carbon  di¬ 
sulfide,  were  commercial  grade  reagents. 


2.  Emulsion  Preparation  and  Preliminary  Evaluation  Techniques 

Asphalt  of  the  desired  penetration  range  was  heated  to  its  melting 
point  and,  when  desired,  was  diluted  with  a  measured  volume  of  gasoline, 
kerosene,  xylene  or  carbon  disulfide.  When  aliphatic  diamine  emul¬ 
sifiers  were  employed,  a  measured  amount  of  the  diamine  was  added 
to  the  asphalt.  To  an  amount  of  water  approximately  equal  in  weight 
to  that  of  the  asphalt  phase,  one  of  five  acids  (meta-phosphoric,  ortho- 
phosphoric,  acetic,  hydrochloric  and  sulfuric)  was  added  in  an  amount 
slightly  in  excess  of  the  quantity  required  for  the  neutralization  of  the 
diamine.  One-tenth  to  one-half  of  one  per  cent  of  a  metallic  chloride, 
such  as  those  of  copper,  calcium,  cadmium,  chromium,  iron,  nickel, 
cobalt,  zinc,  and  aluminum,  was  incorporated  into  the  water  phase  of 
diamine -hydrochloric  acid  emulsions,  when  desired.  When  Nonic  218 
was  employed,  it  was  added  to  that  phase  in  which  the  emulsification 
was  to  be  carried  out.  Secondary  emulsifying  agents,  which  included 
cetyl  alcohol  and  methyl  cellulose,  were  dissolved  in  the  water  phase. 

Emulsification  was  carried  out  in  most  cases  either  by  (a)  add¬ 
ing  the  asphalt  slowly  to  the  aqueous  phase  with  agitation,  forming  an 
asphalt-in-water  emulsion  directly  (mayonnaise  method),  or 
(b)  adding  the  aqueous  solution  to  the  asphalt,  to  produce  a  water-in¬ 
oil  emulsion,  which  usually  inverted  to  an  asphalt-in-water  emulsion 
just  before  the  addition  of  the  aqueous  solution  was  complete  (inver¬ 
sion  method).  A  third  technique,  the  alternate  addition  of  the  asphalt 
and  aqueous  solution  resulting  in  an  inversion  with  each  addition,  was 
employed  less  frequently. 

A  Premier  Dispersator,  the  speed  of  which  could  be  adjusted  by 
a  Variac,  has  been  the  most  effective  laboratory -scale  emulsification 
device  employed  to  date.  A  volume  of  foam  usually  ranging  from  100 
to  300  per  cent  of  the  liquid  emulsion  volume  is  obtained  at  high  mixing 
rates. 


An  optical  microscopic  examination  of  the  stable  emulsions  was 
undertaken  to  obtain  an  estimate  of  the  particle  size  distribution. 
Previous  investigation  (Ref.  1)  has  indicated  that  the  more  finely- 
divided  emulsions  penetrate  soil  surfaces  to  greater  depths  than  coarse 
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emulsions,  so  that  droplet  size  provided  a  convenient  means  of 
selecting  promising  emulsions  for  further  study. 

The  promising  emulsions  prepared  as  described  above  were 
applied  directly  {without  filtration)  to  the  uncompacted  surface  of 
80-150  mesh  Ottawa  sand  or  dry  M-21  confined  in  3-inch  diameter 
Petri  dishes  or  in  4. 5 -inch  Buechner  funnels.  The  weight  of  emulsion 
applied,  the  area  over  which  the  treatment  was  applied,  and  the  average 
depth  of  penetration  were  measured.  The  average  asphalt  concentra¬ 
tion  in  the  penetrated  soil  layer,  the  fraction  of  the  void  volume  of  the 
soil  filled  with  asphalt,  and  the  maximum  asphalt  dosage  per  unit 
area  of  application  which  would  penetrate  the  soil,  could  be  calculated 
from  these  measurements.  The  density  of  the  uncompacted  Ottawa 
sand  measured  1.  51  g /  cc,  while  that  of  uncompacted  M-21  was 
1.47  g /  cc;  the  void  volumes  of  these  materials  were  calculated  to  be 
33  and  36. 5  per  cent,  respectively,  as  obtained  from  the  densities 
of  the  mineral  components  which  make  up  these  soils.  Those  emul¬ 
sions  with  an  adequate  penetration  range  which  could  be  applied  in 
sufficient  quantities  for  stabilization  of  the  surface  of  these  soils 
were  then  subjected  to  water  permeability,  penetration  resistance 
and  erosion  tests  using  several  types  of  soils. 


3.  Topical  Treatment  of  Soil  Surfaces 

An  asphalt  cutback  or  freshly  prepared  mixture  of  emulsions  and 
ortho -phosphoric  acid  (if  the  addition  of  the  latter  was  desirable  for 
improved  stabilization  of  the  soil)  was  applied  in  one  or  several  dosages 
to  the  surface  of  an  uncompacted  soil  contained  in  a  4.  5-inch  diameter 
Buechner  funnel.  The  application  in  a  funnel  permitted  the  escape  of 
air  from  the  voids  of  the  soil  and  prevented  channeling  in  the  soil  during 
the  uptake  of  emulsion.  The  emulsion  was  diluted  in  most  cases  with 
an  equal  weight  of  water.  The  soils  employed  in  this  investigation 
included  Massachusetts  Clayey  Silt  (M-21),  New  Hampshire  Silt  (NHS) 
and  Wisconsin  sand  (1056);  the  properties  of  these  soils  are  presented 
in  Table  H-l. 


4.  Evaluation  of  Stabilized  Surfaces 
a.  Permeability  to  Water 

The  level,  of  the  stabilized  soil  surface  in  the  Buechner  funnel  was 
placed  one  inch  below  the  top  so  that  a  one-inch  head  of  water  was 
readily  maintained  by  keeping  the  funnel  full.  The  amount  of  water 
passing  through  the  filter  was  recorded  as  a  function  of  time. 
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In  future  work,  it  will  be  necessary  to  compact  the  soil  before 
treatment  with  emulsion  or  cutback  to  prevent  a  separation  between  the 
stabilized  surface  and  the  underlying  non-treated  soil  during  the 
process  of  wetting.  In  order  that  the  permeability  of  the  surface  layer 
may  be  computed  from  these  experiments,  a  continuous  column  of 
water  should  be  maintained  through  the  Buechner  funnel  and  should 
exit  from  the  funnel  below  the  surface  of  a  reservoir  of  water.  The 
flow  rate  through  the  surface  is  obtained  by  measuring  the  amount  of 
water  needed  to  maintain  a  constant  head  of  water  in  the  column. 


b.  Penetration  Resistance 

A  one -fourth  inch  diameter  brass  piston  was  forced  perpendicularly 
into  the  stabilized  soil  surface  at  a  constant  rate  of  2.  5  mm/ min  to 
provide  a  measure  of  the  penetration  resistance  of  the  soil.  The  maxi¬ 
mum  resistance  of  the  surface  and  the  resistance  obtained  when  the 
piston  had  penetrated  the  surface  to  a  depth  of  one -sixteenth  inch 
were  noted;  these  values  were  generally  found  to  be  the  same  for  the 
soils  investigated.  As  the  concentration  of  stabilizing  materials -- 
asphalt  and  phosphoric  acid --in  the  surface  decreases  with  increasing 
depth,  the  penetration  resistance  falls  to  the  value  obtained  for  a  wet, 
unstabilized  soil. 


c.  Water  Erosion  Resistance 

By  placing  the  level  of  the  treated  soil  surface  as  close  to  the 
top  of  the  Buechner  funnel  as  possible,  a  spray  of  water  can  be  directed 
at  the  surface,  eliminating  interference  to  erosion  which  would  be 
offered  by  a  continuous  film  of  water  on  the  surface.  The  interface 
between  the  stabilized  surface  and  the  porcelain  wall  was  coated  with 
asphalt  to  prevent  erosion  at  the  wall  and  to  confine  erosion  to  the 
bulk  surface  of  the  sample. 

Samples  were  subjected  to  linear  water  velocities  ranging  from 
300  to  1500  cm/  sec.  with  the  use  of  a  modified  flat-face  shower  head 
fixture  with  34  streams  of  water  emanating  from  the  shower  with  radii 
of  one-sixteenth  inch  and  directed  uniformly  at  all  parts  of  the  surface 
at  a  distance  of  nine  inches  above  the  surface.  The  linear  terminal 
velocity  of  spherical  rain  droplets  having  the  same  radius  was  calcu¬ 
lated  to  be  165  era/  sec.  The  tests  extended  from  immediate  failure 
to  forty  hours  without  gross  disruption  of  the  stabilized  surface.  In 
general,  at  high  linear  water  velocities,  one  hour  of  erosion  was  an 
adequate  period  of  testing,  since  either  gross  failure  occurred  during 
that  time  or  the  weight  of  material  eroded  and  collected  by  sedimenta¬ 
tion.  in  a  large  overflow  reservoir  of  water  was  almost  negligible  for 
all  samples  which  did  not  fail. 
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The  flow  rate  of  water  striking  the  surface  was  obtained  volumetri 
cally  before  and  after  each  erosion  test,  and  the  linear  water  velocity 
of  the  impinging  streams  was  calculated  from  this  figure  on  the  basis 
of  the  assumption  that  the  radii  of  these  streams  did  not  increase  sub¬ 
stantially  in  the  distance  between  the  shower  head  and  the  surface. 

The  variations  in  water  temperature  during  the  course  of  a  test,  which 
are  believed  to  influence  the  rate  of  erosion  significantly,  were  negli¬ 
gible.  Since  the  volume  of  water  required  for  a  test  was  great, 
controlling  the  water  temperature  was  impractical. 

The  penetration  resistance  of  the  surface  was  measured  just 
prior  to,  immediately  after,  and  two  days  after  an  erosion  test. 
Compaction  of  the  soil  before  treatment  with  a  cutback  or  an  emulsion 
is  again  necessary  to  prevent  separation  of  the  stabilized  from  the 
untreated  layer  of  soil,  a  phenomenon  which  markedly  accelerates 
gross  disruption  of  the  surface. 


5,  Corporative  Stabilization  of  Soils 

To  a  given  weight  of  soil  placed  in  the  bowl  of  a  finger-prong 
mixer,  a  cutback  or  an  emulsion,  containing  phosphoric  acid  as  a 
secondary  stabilizer  if  desired,  was  added  rapidly  and  the  soil  mixed 
initially  for  a  period  of  from  five  to  ten  minutes.  After  scraping  the 
bowl  clean,  the  soil  was  mixed  again  until  its  appearance  was  homo¬ 
geneous  (which  usually  required  ten  minutes)  or  until  twenty  minutes 
had  elapsed.  Samples  were  molded  at  a  constant  pressure  of  1000  psi 
by  two-end  static  compaction  in  a  Harvard  miniature  size  mold.  These 
were  cured  at  room  temperature  for  1  day  at  100  per  cent  relative 
humidity,  for  i  day  at  100  per  cent  relative  humidity  followed  by  1  day 
immersion,  and  for  7  days  at  100  per  cent  relative  humidity  followed 
by  1  day  immersion,  and  then  tested  to  failure  in  unconfined  com¬ 
pression  at  a  constant,  measured  rate  of  strain. 


C .  Results  and  D iscus s ion 

1 .  Emulsion  Preparation 

A  study  of  the  properties  of  asphalt  emulsions  as  a  function 
of  the  methods  of  preparation  and  the  emulsifying  materials  was  war¬ 
ranted  by  the  successful  but  accidental  and  non-reproducible  forma¬ 
tion  of  one  such  nonionic  emulsion  in  a  previous  investigation 
(Ref.  1). 
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a.  Effects  of  Variations  in  Emulsification  Method 

Prom  an  analysis  of  the  particle  size  distributions  for  the  emulsions 
described  in  Table  VI-1,  the  following  conclusions  can  be  drawn: 

i.  )  The  inversion  technique  gives  emulsions  of  comparable 
particle  size  but  having  less  particle  aggregation  than  those  produced 
by  other  emulsification  methods.  Since  mixing  of  the  emulsion  ceases 
immediately  after  inversion  takes  place  for  the  relative  amounts  of 
asphalt  and  water  employed,  a  minimum  of  aggregation  (clusters  of 
small  particles  about  larger  particles  formed  by  coalescence)  will 
take  place  with  this  technique. 

ii.  )  The  rate  of  mixing  during  emulsification  has  no  effect  on 
the  particle  size  distribution  or  the  extent  of  particle  aggregation 
using  the  Premier  Dispersator.  The  expected  minimum  in  the  mean 
particle  size,  which  is  a  function  of  the  shear  rate  in  particle  formation 
and  of  the  translational  energy  of  the  newly-formed  particles,  is  not 
observed  for  the  range  of  mixing  rates  studied  (Eef.  2).  It  was  ob¬ 
served  that  those  emulsions  with  high  particle  aggregation  foamed 
excessively  during  preparation. 

iii.  )  An  increase  in  the  emulsifier  concentration  from  2.  5  to  5 
per  cent  (based  on  total  weight  of  emulsion)  results  in  an  increased 
tendency  for  the  particles  to  aggregate  and  eventually  to  coalesce. 

The  results  presented  in  Table  VI-2  indicate  that  as  little  as  one  per 
cent  emulsifier  can  be  employed  to  form  an  emulsion  using  asphalt 
diluted  with  up  to  as  much  gasoline  by  weight  as  asphalt. 

iv* )  The  free  mineral  acid  concentration  does  not  affect 
particle  size  distribution  or  extent  of  aggregation  for  small  excesses 
of  the  acjki  in  this  system. 

v. )  Furthermore,  it  was  observed  experimentally  that  the 
temperatures  of  the  materials  to  be  emulsified  and  the  temperature  of 
the  resultant  emulsions  have  no  effect  on  the  particle  size  distribution 
for  the  emulsions  prepared  with  cut-back  asphalt  and  cationic  or 
nonionic  systems.  Of  course,  the  asphalt  phase  must  be  maintained 
at  a  temperature  sufficient  for  it  to  remain  in  the  fluid  state  necessary 
for  emulsification  (70-95°C). 

b.  Effect  of  Variations  in  Emulsifying  Materials 

In  addition  to  a  microscopic  determination  of  particle  size  distri¬ 
butions,  the  application  of  given  amounts  of  the  emulsions  prepared 
with  various  emulsifiers  and  additives  to  different  types  of  soil. 
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surfaces  provided  a  means  of  comparison  of  these  emulsions  on  the 
basis  of  their  penetrating  characteristics.  A  summary  of  the  experi¬ 
ments  designed  to  determine  the  effect  of  variations  in  the  composition 
and  fluidity  of  the  asphalt  phase,  of  variations  in  the  emulsifier 
systems,  and  of  variations  in  the  asphalt  to  water  phase  ratios  in 
these  emulsions  is  presented  in  Table  VI- 2, 


(i. )  Asphalt  Phase  Fluidity  and  Composition 

It  was  established  that  the  use  of  a  volatile  organic  solvent  to 
reduce  the  viscosity  of  the  asphalt  is  a  prerequisite  for  successful 
penetration  of  sandy  or  silty  soils  by  emulsions  prepared  with  any  of 
the  emulsifying  agents  studied  in  this  period,  as  can  be  observed  from 
the  results  presented  in  Table  VI-2,  The  penetration  number  of  the 
original  asphalt,  the  type  of  organic  solvent  used  to  dilute  the  asphalt, 
and  the  relative  amounts  of  asphalt  and  organic  solvent  are  the  vari¬ 
ables  which  alter  asphalt  phase  composition  and  fluidity  and  whose 
effects  were  studied  for  typical  cationic  (Duomeen  T-acid)  and  non¬ 
ionic  (Nonic  218)  emulsifier  systems. 

For  two  organic  cutback  solvents,  gasoline  and  kerosene,  mixed 
in  the  same  ratios  with  the  moderately  soft  (100-120  penetration)  and 
the  moderately  hard  (40-50  penetration)  asphalt,  the  maximum  depth 
of  penetration  in  a  fine  sand  was  significantly  greater  for  the  softer 
asphalt.  The  maximum  asphalt  density  in  the  treated  layer  varied 
inversely,  however,  as  the  penetration  number  of  the  original  asphalt. 
The  more  volatile  and  more  fluid  cutback  solvent  of  the  two,  gasoline, 
is  more  effective  in  reducing  the  asphalt  viscosity  and  in  increasing 
the  maximum  depth  of  penetration.  Emulsions  prepared  with  xylene 
and  carbon  disulfide  in  weight  ratios  to  the  asphalt  that  would  make 
these  solvents  economically  competitive  with  a  satisfactory  two  parts 
asphalt-one  part  gasoline  emulsion  were  much  less  effective  in  the 
penetration  of  the  sand  surface  than  the  emulsified  gasoline  cutback. 

A  minimum  mean  particle  size  and  a  maximum  depth  of  penetra¬ 
tion  has  been  observed  at  a  two-to-one  ratio  of  asphalt  to  solvent  for 
the  Nonic  218  system.  This  optimum  ratio  has  been  established  for 
the  use  of  gasoline  and  100-120  penetration  asphalt.  The  decrease  in 
asphalt  phase  viscosity  is  evidently  necessary  to  make  the  emulsified 
droplets  sufficiently  deformable  to  pass  through  the  pores  of  a  fine¬ 
grained  soil;  an  excess  of  the  cut-back  solvent  in  the  asphalt  phase, 
on  the  other  hand,  is  responsible  for  an  increased  rate  of  coalescence 
of  the  emulsified  particles,  which  are  no  longer  stable  enough  to 
maintain  their  identity  on  collision. 
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For  the  Duomeen  T-hydrochloric  acid  system,  maintaining  a  one- 
to-one  weight  ratio  of  asphalt  phase  to  water  phase,  the  reduction  of 
the  asphalt  phase  viscosity  initially  improved  the  penetration  character¬ 
istics  of  the  emulsion,  but  the  formation  of  a  water-in-asphalt  emulsion 
was  observed  when  a  ratio  of  one  part  asphalt  to  two  of  gasoline  was 
reached.  This  is  caused  by  an  increase  in  the  phase  volume  of  the 
asphalt  particles  resulting  from  the  replacement  of  a  weight  of  asphalt 
with  an  equal  weight  of  the  less  dense  solvent.  By  operating  with  a 
lower  asphalt  phase  to  water  phase  volume  ratio,  the  formation  of  an 
asphalt-in- water  emulsion  is  assured  and  a  better  determination  of 
the  optimum  asphalt -to -solvent  ratio  for  Duomeen  T-hydrochloric  acid 
systems  can  be  made.  This  optimum  ratio  is  approximately  one  part 
asphalt  to  one  part  solvent.  The  formation  of  a  water-in-asphalt 
emulsion  was  not  encountered  with  the  Nonic  218  system,  since  in  this 
case  the  emulsifying  agent  is  much  more  soluble  in  the  water  phase, 
and  the  external  phase  is  generally  that  in  which  the  emulsifying  agent 
is  more  soluble  (Ref.  2). 


ii. )  Emulsifying  Agents 
Duomeen  T 


The  most  extensive  investigation  pertained  to  emulsifier  systems 
consisting  of  the  N-alkyl  propylene  diamine  Duomeen  T,  and  one  of 
five  acids:  meta-phosphoric,  ortho -phosphoric,  hydrochloric,  acetic 
and  sulfuric..  The  following  observations  were  made: 

With  meta-phosphoric  acid  both  the  inversion  method  and  the 
mayonnaise  method  produced  water-in -asphalt  rather  than  asphalt - 
in-water  emulsions.  The  use  of  four  times  as  much  water  as  asphalt 
phase  did  not  alter  this  result. 

Duomeen  T-ortho -phosphoric  acid  emulsions  penetrate  80-150 
mesh  Ottawa  sand  to  a  depth  of  one -fourth  inch,  but  fail  to  penetrate 
a  clayey  silt,  M-21,  to  any  measurable  depth.  These  emulsions  con¬ 
tain  particles  somewhat  larger  in  size  than  those  obtained  with  Nonic 
218  and  Duomeen  T-hydrochloric  acid  systems. 

Of  the  acids  studied,  hydrochloric  acid  is  the  best  water-soluble 
portion  of  this  cationic  emulsifying  agent,  "  The  emulsions  are  extremely 
fluid  and  the  particles  are  not  aggregated,  ten  per  cent  by  weight  of 
ortho-phosphoric  acid  may  be  added  subsequent  to  emulsification 
without  any  alteration  in  the  particle  size  distribution,  the  extent  of 
aggregation,  or  the  depth  of  penetration  in  soils.  The  treated  layer 
of  80-150  mesh  Ottawa  sand  is  remarkably  flexible  and  strong.  Twenty- 
four  hour  immersion  of  tins  uniformly  thick  layer  in  water  weakens 


-  56  - 


the  cohesive  binding  between  sand  particles,  but  strength  is  regained 
on  drying.  The  degree  of  penetration  of  M-21  is  insufficient  to  give 
any  surface  strength. 

Emulsions  prepared  with  acetic  acid  and  Duomeen  T  show  little 
promise.  Excessive  foaming  is  encountered  during  emulsification, 
the  foam  reaching  a  volume  three  times  that  of  the  liquid  emulsion. 
Particles  are  nearly  five -fold  greater  in  size  than  those  found  in  the 
satisfactory  nonionic  and  Duomeen  T -hydrochloric  acid  emulsions. 

Water -in-asphalt  emulsions  were  formed  when  sulfuric  acid 
was  employed  as  the  water  soluble  portion  of  the  Duomeen  T  emulsifier; 
the  addition  of  excess  water  did  not  invert  this  emulsion. 

Chromic  and  ferric  chlorides,  added  in  trace  amounts  to 
Duomeen  T-hydrochloric  acid  emulsions,  are  both  equally  effective 
in  reducing  the  particle  size  and  in  improving  the  penetration  character¬ 
istics  of  these  emulsions.  A  maximum  depth  of  3  /  4  to  one  inch  of 
penetration  was  obtained  in  the  Ottawa  sand.  One  tenth  of  one  per 
cent  chromic  or  ferric  chloride  on  the  weight  of  the  emulsifying  agent 
is  sufficient,  and  increased  quantities  are  not  as  effective.  Other 
metal  chlorides  fail  to  affect  the  quality  of  the  emulsion  when  added 
in  comparable  amounts;  these  include  the  chlorides  of  aluminum, 
copper  (II),  cadmium,  calcium,  cobalt,  nickel  and  zinc,  most  of  which 
belong  to  the  transition  series  metals  of  the  periodic  table.  Chromium 
(III)  forms  extremely  stable  coordinate  complexes  with  amino  com¬ 
pounds  (Ref.  3);  it  is  postulated  that  the  emulsified  asphalt  droplets 
are  prevented  from  coalescing  on  collision  with  one  another  (or  from 
depositing  too  rapidly  on  soil  particles)  by  the  formation  of  solid 
chrome-amine  complexes  around  the  droplets.  The  same  mechanism 
is  believed  to  be  valid  for  the  effect  of  ferric  ion.  The  failure  of  other 
cations,  which  are  chemically  similar  to  these  two,  to  achieve  the 
same  results  is  not  fully  understood,  since  the  amine  complexes  of 
cobalt,  nickel,  etc.  are  also  known  to  be  stable. 

Other  Surface-Active  Agents 

Duomeen  S,  with  hydrochloric  acid  as  the  water-soluble  portion 
of  the  emulsifier,  and  using  CrClj«6H*0  as  a  stabilizing  agent,  did 
not  yield  as  satisfactory  an  emulsion  as  Duomeen  T,  confirming  the 
results  of  previous  work  with  this  material.  Rosin  amine  D  failed  to 
produce  a  stable  emulsion  when  employed  as  a  substitute  for  Duomeen  T. 


No  combination  of  variables  has  served  to  produce  as  fine¬ 
grained  an  emulsion  as  had  been  previously  obtained  with  Nonic  218, 
The  present  reproducible  Nome  218  system  will  penetrate  80-150 
mesh  sand  to  a  depth  of  2/  3  mch,  as  compared  to  a  depth  of  two  inches 
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for  the  accidental  formulation.  Furthermore,  the  maximum  application 
which  will  leave  no  surface  residue  of  unpenetrated  asphalt  is  half  that 
of  the  Duomeen  T-hydrochloric  acid  emulsion  containing  chromium  (m) 
or  ferric  chloride  and  much  less  than  that  of  the  accidental  preparation. 

At  least  ten  per  cent  on  the  weight  of  the  nonionic  emulsion  of  ortho 
phosphoric  acid  may  be  added  without  altering  the  penetration  charac¬ 
teristics  of  these  Nonic  218  emulsions. 

Secondary  emulsifiers,  such  as  cetyl  alcohol  and  methyl  cellulose, 
have  failed  to  decrease  the  amount  of  particle  aggregation  and  improve 
the  penetration  levels  for  both  cationic  and  nonionic  emulsions. 

iii.  )  Asphalt  to  Water  Phase  Ratio 

Maintaining  a  two-to-one  weight  ratio  of  asphalt  to  gasoline 
throughout,  emulsions  containing  60  and  65  per  cent  asphalt  phase  by 
weight  have  been  successfully  prepared  and  appear  to  be  stable  for  an 
indefinite  length  of  time.  Several  attempts  to  produce  a  70  per  cent 
emulsion  of  the  asphalt  pha  se  in  water  resulted  in  failure.  Duomeen  T 
and  hydrochloric  acid  served  as  the  emulsifying  agents  and  constituted 
2. 5  per  cent  of  the  weight  of  the  emulsion  in  these  preparations.  The 
depth  of  penetration  obtained  in  80-150  mesh  Ottawa  sand  using  the 
65  per  cent  asphalt  phase  emulsion  was  2/3  that  of  a  50-50  asphalt- 
in-water  emulsion,  or  1/  2  to  2/  3  inch. 

iv.  )  Reproducibility 

Repeated  microscopic  examination  and  penetration  tests  have 
demonstrated  that  the  satisfactory  emulsions,  which  include  the 
Duomeen  T-hydrochloric  acid-chromic  or  ferric  chloride  and  the 
Nonic  218  preparations,  are  readily  reproducible. 

2*  Characteristics  of  Surfaces  Treated  with  Emulsions  and  Cutbacks 
a.  Generalities 


Table  VI-3  lists  the  emulsions  used  in  topical  treatment  studies 
and  gives  each  a  "coded  name"  to  facilitate  further  discussion. 

Table  VI-4  is  a  summary  of  the  depths  of  penetration  achieved 
by  application  of  cutbacks  and  some  of  the  more  promising  emulsions 
to  the  surface  of  four  soils:  80  -150  mesh  Ottawa  Sand,  M-21,  New 
Hampshire  Silt,  and  a  Wisconsin  sand  (1956). 

For  limited  applications  to  the  surface,  emulsions  will  distribute 
asphalt  over  a  thicker  layer  than  straight  cutbacks  containing  the  same 
ratio  of  asphalt  to  gasoline.  These  limited  dosages  of  cutbacks  and 
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emulsions  initially  fill  all  the  void  volume  in  each  of  the  soils  considered. 
Therefore,  the  concentration  of  asphalt  in  the  penetrated  soil  will  be 
greater  when  cutbacks  rather  than  emulsions  of  these  cutbacks  are 
employed,  since  the  volatiles  contents  of  the  emulsions  are  much  greater 
than  those  of  the  cutbacks. 

As  the  amount  of  applied  cutback  is  increased,  the  depth  of  pene¬ 
tration  will  be  directly  proportional  to  the  amount  applied,  so  that  the 
average  asphalt  concentration  (or  the  percentage  of  the  void  volume 
filled  with  asphalt)  will  remain  the  same  as  for  limited  applications. 

Up  to  0.40  g.  asphalt  /  sq.  cm.  of  surface  may  be  applied  to  the  surface 
of  the  Ottawa  Sand,  for  example,  without  leaving  a  residue  of  asphalt 
on  the  surface;  the  penetration  obtained  is  36  mm.,  as  compared  with 
8  and  18  mm.  for  applications  of  0. 10  and  0.  20  g.  asphalt/  sq.  cm., 
respectively. 

For  emulsions,  however,  doubling  the  dosages  produces  less  than 
half  again  as  much  of  an  increase  in  the  depth  of  penetration.  Premature 
deposition  of  asphalt  droplets  from  the  emulsion  and  rapid  blocking  of 
the  soil  pores  not  only  results  in  a  separation  of  the  asphalt  and  water 
phases  during  penetration,  giving  a  surface  layer  containing  a  greater 
average  asphalt  concentration,  but  limits  the  asphalt  dosage  per  unit 
soil  surface  which  will  penetrate  the  soil.  This  maximum  dosage  is 
approximately  0.05,  0.  08,  0.  1 5  and  0.  20  g.  of  asphalt/ sq.  cm.  of 
surface  for  the  soils  Massachusetts  Clayey  Silt,  New  Hampshire  Silt 
Wisconsin  Sand  (1056),  and  Ottawa  Sand,  respectively. 

The  absorption  of  water  by  layers  of  Ottawa  Sand,  stabilized  with 
several  cutbacks  and  promising  emulsions,  is  presented  in  Table 
VI-5.  Surfaces  stabilized  with  emulsions  absorb,  on  the  average,  25 
per  cent  of  their  weight  of  water  on  immersion,  while  those  stabilized 
with  cutbacks  absorb  five  per  cent  of  their  weight  of  water. 
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in  ‘t  able  VI-6  the  permeability  studies  are  summarized. 

The  per  cent  of  the  stabilized  surface  covered  with  asphalt  that 
did  not  penetrate  the;  soil  is  the  primary  factor  governing  the  rate  of 
seepage  of  water  through  the  stabilized  surface  of  New  Hampshire  Silt. 
While  a  residual  layer  of  asphalt  makes  the  surface  impermeable  to 
water,  it  prevents  the  escape  of  volatiles  from  the  treated  soil  layer 
and  markedly  decreases  the  rate  of  strength  development  in  this  layer. 

For  those  surfaces  not  entirely  coated  with  residual  asphalt,  the  flow 
late  of  water  through  the  surlace  remained  constant  after  decreasing 
irom  a  very  high  initial  rate  of  seepage.  Since  the  stabilized  surface 
layer  of  New  Hampshire  Silt  is  very  thm,  channelling  of  water  through 
fissures  which  developed  in  the  surface  of  the  soil  occurred,  but 
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the  rates  of  seepage  were  still  much  less  than  those  observed  for 
unstabilized  soil  surfaces. 

Improvement  of  the  testing  procedure  should  yield  more  reproducible 
results  than  those  obtained  in  this  study  to  date.  The  permeability  of 
the  stabilized  surfaces  of  M-21,  Ottawa  Sand,  and  1056  to  water  seepage 
may  then  be  investigated. 


c.  Penetration  Resistance 

Table  VI-  7  presents  the  maximum  penetration  resistances  of 
topically  treated  soils  cured  at  room  temperature  and  humidity  for 
specified  periods  of  time. 

A  comparison  of  the  emulsified  cutbacks  prepared  with  Duomeen  T, 
hydrochloric  acid,  ferric  and  chromic  chlorides  and  those  prepared  with 
Nonic  218  when  applied  to  the  surface  of  Wisconsin  Sand  (1056) 
indicates  that  the  latter  develop  significantly  greater  strength  for  long 
periods  of  cure.  The  penetration  resistance  reaches  a  value  of  465  psi 
when  0. 20  g.  asphalt  /  sq.  cm.  of  the  Nonic  emulsion  containing  ten 
per  cent  ortho -phosphoric  acid  is  applied  and  the  surface  cured  for  a 
period  of  thirty  days.  The  addition  of  phosphoric  acid  is  essential  for 
the  eventual  development  of  strengths  greater  than  50  psi.  The  incor¬ 
poration  of  phosphoric  acid  in  the  surface  layer  provides  strength 
while  the  primary  function  of  the  asphalt  appears  to  be  that  of  water¬ 
proofing.  Dilution  of  these  fifty-fifty  cutback-in-water  emulsions 
with  another  part  by  weight  of  water  significantly  improves  the  initial 
strength  development  of  the  surface,  and  increases  the  depth  of 
penetration  of  the  emulsion  into  the  soil.  It  is  presumed  that  the  lower 
asphalt  concentration  in  these  soil  surfaces  permits  a  more  rapid 
escape  of  the  volatiles  from  the  soil,  and  hence,  an  accelerated  rate 
of  cure.  Dilution  of  the  emulsion  with  more  than  one  additional  part 
of  water  does  not  give  a  further  improvement  in  strength.  Increasing 
the  temperature  of  the  applied  emulsion  does  not  result  in  a  more 
rapid  curing  rate;  apparently,  the  heat  capacity  of  the  soil  is  sufficient 
to  cool  the  emulsion  quickly. 

M-21  and  NHS  absorb  only  a  small  amount  of  emulsion  and  the 
resulting  treated  layer  is  extremely  thin;  on  the  other  hand,  if  a  larger 
amount  of  emulsion  is  added  to  cover  the  surface  with  a  residue  of 
asphalt,  the  rate  of  strength  development  is  rather  slow.  In  either 
case,  the  penetration  resistances  obtained  after  treatment  of  these 
soils  with  Duomeen  T  emulsions  containing  phosphoric  acid  are  much 
lower  than  those  obtained  for  Wisconsin  Sand. 


d*  Water  Erosion  Resistance 


of  stabilized  for‘heprep»ration,  curing,  and  erosion 

n  nS\d  faces  of  M’21'  New  Hampshire  Silt  and  Wisconsin 
Sand  (1056)  are  given  in  Table  VI-8.  The  types  of  erosion  fell  into 

C.om.plete  disruPtion  of  the  stabilized  surface  and  wash- 
ng  out  of  the  underlying  soil,  and  gradual,  almost  negligible  erosion 
of  individual  soil  particles  from  the  surface.  The  first  type  was  more 
commonly  observed  at  high  water  velocities,  while  the  second  type 
occurred  very  slowly  at  lower  flow  rates.  Increasing  the  velocity  of 
the  impinging  water  spray  generally  resulted  in  surface  failure  rather 
than  increasing  the  amount  of  material  eroded. 

Penetration  resistance  tests  indicate  that  samples  subjected  to 
erosion  and  which  did  not  fail  lost  most  of  their  original  2  when 
tested  just  after  erosion  but  regained  most  of  the  strength  after  drying 
for  a  period  of  two  days.  Surfaces  covered  with  a  residue  of  asphalt  & 

1ffn°t  ef°de  gradually  but  failed  completely  when  not  cured  fo/a 
sufficient  length  of  time. 

The  treated  surfaces  of  M-21  and  New  Hampshire  Silt  either 

thin  thC°mPfewly  earher‘  °T  er°ded  dually  at  a  more  rapid  rate 
n  those  of  Wisconsin  Sand,  depending  on  whether  the  surface  was  or 

was  not  covered  with  a  residue  of  asphalt.  Dilution  of  the  emulsion 
with  increasing  amounts  of  water  before  application  resulted  in 
increasing  penetration  resistance  but  decreasing  erosion  resistance 
or  stabilizetl  surges  of  Wisconsin  Sand.  When  the  surface  of  this 
soil  is  treated  with  cutbacks  or  emulsions  not  containing  phosphoric 
cid,  disruption  of  the  surface  occurs  in  very  short  order  at  high  water 
velocities.  Elrosion  resistance  is  directly  related  to  length  of  curing 
o  the  stabilized  layer  if  none  of  the  surface  is  covered  with  a  residue 
of  asphalt  When  the  surface  of  the  treated  soil  is  partially  covered 
wi  asphalt,  so  that  the  volatiles  can  escape  from  the  surface  the 

erosion  resistance  of  the  soil  is  the  greatest  for  any  given  phosphoric 
acid  content  and  curing  period.  pnosphonc 


3*  by  Mechanical  Incorpora- 

tioii  of  Emulsions  and  Cutbacks  “ “  - - 

a*  Civilization  of  Massachusetts  Clayey  Si  It  (M-21) 

.  .  ..The  corporative  stabilization  of  M-21  using  Duomeen  T-ortho- 

invTst  izatp^nr '  T'r”  °f  l00'120  Penetration  asphalt  had  been 
oMam  .d  l  rf  y,'ar'S  resear<:h  («ef-  D.  The  best  result, 

a,  s,re"g'hs  °f  105  *  *  p*  u  «« 

00  cent  RH  and  1  <*»y  immersion,  and  of  305  psi  for  t  days 
cure  a.  <3  per  cent  RH  and  1  day  immersion,  using  10  per  cent 
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“\ndtw°  per  cent  free  ortho-phosphoric  acid  on  the  weight  of  the 
soil.  Stabilization  of  M-21  with  a  two-to-one  asphalt  to  gasoline 
cutback  and  addition  of  1.  5  per  cent  PA  to  the  soil,  however,  gave 

a  strength  of  325  psi  for  a  14  day  43  per  cent  RH  cure  and  7  days 
immersion.  * 

Table  VI-9  presents  the  results  of  M-21  stabilization  using 
some  of  the  emulsion  preparations  developed  during  the  course  of 
this  year's  work  which  proved  effective  in  the  topical  treatment  of 
soils.  More  stringent  curing  conditions  were  employed  to  test  these 
samples  than  the  43  per  cent  relative  humidity  cure  employed  in 
previous  years.  One  set  of  samples,  stabilized  by  an  emulsified 
cutback  prepared  with  Duomeen  T,  hydrochloric  acid  and  chromic 
chloride  and  containing  7. 5  per  cent  asphalt  and  1.  5  per  cent  phosphoric 
acid  on  the  weight  of  the  soil  (Series  N)  compared  closely  with  the 
best  results  obtained  in  the  past;  this  was  by  no  means  the  best  set 
of  results  obtained  this  year,  however. 

..  .  m?uPariL°^0f  the  reSUlts  presented  in  Table  VI-9  demonstrates 
that:  (1)  the  addition  of  phosphoric  add  to  these  emulsions  is  necessary 
foi  adequate  soil  stabilization;  asphalt  alone  is  incapable  of  givine 
°neud5  ^  per  cent  relative  humidity,  one  day  immersion  strengths 
of  better  than  100  psi;  (2)  100-120  penetration  asphalt  is  a  superior 
waterproofing  agent  to  40-  50  penetration  asphait;  (3)  the  asphalt  to 
be  emulsified  must  be  diluted  with  an  organic  solvent  (preferably 
gasoline)  in  the  ratio  of  two  parts  of  asphalt  to  one  of  solvent  to 
prevent  the  asphalt  droplets  from  plating  out  too  rapidly  on  the  surface 
ot  the  soil;  (4)  the  emulsions  prepared  using  Duomeen  T -hydrochloric 
acid  with  chromic  or  ferric  chloride  as  trace  additives  give  superior 
ultimate  strengths  and  result  in  less  of  a  loss  of  strength  on  immerson 
than  emulsions  prepared  using  Node  218  or  Duomeen  T-phosphoHc 
acid,  or  than  emulsions  lacking  the  trace  additives;  (5)  the  use  of 

7:l  ,and  10,  Per  CCnt  asphalt  on  the  weight  of  the  soil  results  in  sig¬ 
nificantly  lower  strengths  than  obtained  with  5  per  cent  asphalt- 

even  though  60  and  65  per  cent  asphalt  emulsions  were  employed  to 
s  abilize  dry  M-21,  the  water  content  obtained  at  these  increased 

\?OSaeeS  WaS  in  excess  0f  optimum  and  was  partly  responsible 
for  the  decrease  in  strength. 

The  best  stabilization  obtained  for  2  per  cent  phosphoric  acid 
and  4  per  cent  asphalt  on  the  weight  of  the  soil  was  265  psi  for  a  one 
day  100  per  cent  relative  humidity  cure  and  one  day  immersion, 
representing  a  loss  of  only  40  psi  on  immersion,  and  455  psi  for  a 

relatiV*  hUmidHy  cure  and  on«  da-y  Version 
* . .  '*  ^01  1  )e  extended  curing  period  these  are  significantly 


better  than  the  strengths  obtained  using  a  solution  of  phosphoric 
acid  in  water  and  a  two-to-one  asphalt  to  gasoline  cutback,  which 

fferie 1 0) 305  "  the  ®ame  Cure  periods  respectively 

Lith  the^nii  ?iffiCUlty  Was  encountered  in  mixing  the  cutback 

with  the  soil;  thirty  minutes  of  mixing  were  required  to  obtain  a  soil 

nnn.TfTne0US1afr!ranCe*  TWs  diffkulty  encountered  with 

and  S^ril  J eutb**a‘  Prom  a  comparison  of  Series  P 
and  Series  Q,  the  waterproofing  effect  of  the  Duomeen  T  can  be 

withouTfhS  HHt "elatJVeul09ses  of  strength  on  immersion  with  and 
without  this  additive  in  the  cutback. 


b*  of  Vicksburg  Buckshot  Clay  (VBC) 

n  PreviOU®  mr*  (Ref-  ‘i  the  corporative  stabilization  of  VBC 
using  Duomeen  T-ortho-phosphorie  acid  emulsions  of  100-120  asphalt 

Sw  5  Z  10?  ^  Cen‘  reIatiVC  hu"idity  aad  1  day  imm“tn 

strength  of  65  psi  using  2  per  cent  phosphoric  acid  and  10  per  cent 
asphalt  on  the  weight  of  soil.  P 

Duomlfr  tVIJ10  p"sents  the  results  of  VBC  stabilization  using  a 

°errk  ,  MorlHe  °n  0n»  aC‘d  emuIsIon  oontaining  trace  amounts  of 
ferric  chloride.  Using  these  emulsified  cutbacks,  a  compressive 

2  oerg  f  f  PStI  had  bee"  obtained  wlth  10  Per  cent  asphalt  and 
P  '  en  Phosphoric  acid  on  the  weight. of  the  soil  for  a  cure  of  1  dav 
a  100  per  cent  relative  humidity  and  1  day  immersion  a  result  lust 
slightly  better  than  that  obtained  last  year.  Furthermore,  it  can  be 
concMed  from  these  results  that  (1)  ten  per  cent  asphaU  on  the 
weight  of  soil  gives  the  best  humid  cure  strength,  while  12  5  per 

and  (2  Wh  the  h3‘  T  dV  hUmid  '*“'B  and  °"e  day  immo>-sion  strength; 
(  )  both  the  humid  cure  and  immersion  strengths  obtained  with 

cutbacks' ami °the  B"  Signifi,;antl-V  betler  those  achieved  with 

k  d  h  am°unt  of  Phosphoric  acid  added  separately 

and  at  approximately  the  same  soil  water  content. 


Conclusions 

hydrorhloH.le»HH  N"alfy.!  propyIene  dfamines  in  conjunction  with 

o  chromium  rhloHH  ^  a"d  lncluding  trace  amounts 

lead,  to  the  „  enlr  r  Tlc  ''hloride  as  oomplexlng  agents 

for  to  h m  tre a ,me  “ soilT "*?'  emU,1,ta“ 
agen,  for  successful 

aary  lo  dilute  the  asphalt  lo  be  emulsified  with  approximately  half 
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as  much  gasoline  or  kerosene  in  order  to  make  the  emulsified  droplets 
sufficiently  deformable  to  pass  through  the  pores  of  a  fine  sand. 

2.  These  emulsions  will  penetrate  the  uncompacted  surfaces  of  a 
fine  sand  and  clayey  silt  to  depths  of  one  inch  and  1  /  4  inch,  respectively. 
The  treated  surface  layer  of  the  fine  sand  is  remarkably  flexible  and 
cohesive;  the  asphalt  is  rather  uniformly  distributed  throughout  this 
layer.  The  "best  Nonic  218  emulsions  will  fill  18  per  cent  of  the  void 
volume  of  the  soil,  while  the  best  Duomeen  T -hydrochloric  acid  emul¬ 
sions  will  fill  30  per  cent  of  this  volume. 

3.  If  equal  amounts  are  applied  per  unit  area  of  exposed  soil 
surface,  these  emulsions  will  penetrate  soils  to  greater  depths  than 
cutbacks  containing  the  same  ratio  of  asphalt  to  gasoline,  but,  at  low 
dosages,  the  average  asphalt  concentration  in  the  penetrated  layer 
will  be  greater  for  cutbacks.  Increasing  the  dosage  of  emulsion  per 
unit  surface  will  result  in  a  greater  average  asphalt  concentration 

in  the  penetrated  layer,  even  higher  than  that  obtained  with  cutbacks. 
Blocking  of  soil  pores  by  rapid  deposition  of  asphalt  droplets  from  the 
emulsions,  however,  limits  the  dosage  of  emulsion  which  will  pene¬ 
trate  the  soil.  For  cutbacks,  the  depth  of  penetration  is  directly 
proportional  to  the  amount  applied,  the  asphalt  concentration  in  the 
treated  layer  remaining  invariant. 


4.  As  much  as  10  per  cent  of  ortho-phosphoric  acid  by  weight 
of  the  emulsion  may  be  incorporated  into  either  of  the  aforementioned 
cationic  or  nonionic  emulsion  types  without  impairing  their  soil 
penetrating  characteristics. 

5.  Satisfactory  emulsions  containing  as  much  as  65  per  cent 
asphalt  phase  by  weight  can  be  prepared  using  Duomeen  T,  hydrochloric 
acid  and  ferric  chloride  as  emulsifying  agents,  the  depths  of  penetration 
obtained  in  a  fine  sand  being  two-thirds  that  obtained  for  50-50  asphalt- 
in-water  emulsions  prepared  with  the  same  materials. 

6.  Topically  treated  surfaces  of  fine  sands  stabilized  with  emul¬ 
sions  absorb  much  more  water  on  immersion  (25%)  than  those  stabilized 
with  cutbacks  (5%).  The  bulk  of  this  water  uptake  is  probably  contained 
in  the  untreated  sublayer  of  the  soil. 

7.  The  per  cent;  of  the  stabilized  surface  of  a  soil  covered  with 
residual  asphalt  that  does  not  penetrate  the  soil  governs  the  rate  of 
water  seepage  through  the  surface. 

8.  Dilution  with  an  equal  weight  of  water  of  a  cutback  emulsion 
prepared  with  Nonic  218  and  containing  ten  per  cent  phosphoric  acid 
and  application  of  0.  20  g.  asphalt/  sq.  cm.  with  this  emulsion  to  the 
surface  of  a  silty  sand  results  in  the  development  of  a  surface 
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penetration  resistance  of  465  psi  when  cured  at  ambient  conditions  for 
thirty  days. 

9.  Erosion  of  two  kinds  has  been  obtained  complete  disruption 
of  the  stabilized  surface  and  washing  out  of  the  underlying  soil,  and 
gradual  but  slow  erosion  of  individual  soil  particles  from  the  surface. 
When  the  surface  of  the  treated  soil  is  only  partially  covered  with 
residual  asphalt,  permitting  the  volatiles  to  escape  from  the  surface 
and  allowing  the  surface  to  cure,  the  erosion  resistance  of  the  soil 
is  greatest  for  any  given  phosphoric  acid  content  and  curing  period. 


10.  Compressive  strengths  of  265  ±  10  psi  for  a  one  day  1 00^ 
RH  cure  and  one  day  immersion  and  of  455  psi  lor  a  seven  day  100$ 
RH  cure  and  one  day  immersion  were  obtained  by  stabilizing  M-21 
with  2  per  cent  phosphoric  acid  and  4  per  cent  asphalt  in  the  form  of 
a  cutback  emulsion  prepared  with  Duomeen  T,  hydrochloric  acid  and 
ferric  chloride.  For  the  same  curing  conditions,  a  solution  of 
phosphoric  acid  in  water  and  an  asphalt  cutback  gave  compressive 
strengths  of  255  psi  and  305  psi,  respectively,  significantly  less  than 
those  for  the  best  emulsion  for  the  extended  curing  period. 

11.  A  compressive  strength  of  85  psi  has  been  obtained  in  the 
corporative  stabilization  of  VBC  with  the  aforementioned  emulsified 
cutback;  the  asphalt  and  phosphoric  acid  concentrations  were  10  and 
2  per  cent  of  the  weight  of  the  soil,  respectively,  and  the  samples 
referred  to  were  cured  at  100$  RH  tor  one  day  and  immersed  for 
another  day.  Both  humid  cure  and  immersion  strengths  using  this 
emulsion  exceed  those  obtained  with  a  cutback  and  a  solution  of  the 
same  amount  of  phosphoric  acid. 


E .  Recommendations 

1.  The  study  of  the  permeability  ot  soils  to  water  seepage  should 
be  extended  to  stabilized  surfaces  of  Massachusetts  Clayey  Silt  and 
Wisconsin  Sand  (1056)  following  improvement  of  the  testing  procedure. 
The  permeability  of  the  surface  layer  should  be  computed  from  the 
measured  pressure  heads  and  flow  rates  through  the  soil  layer  by 
maintaining  a  constant  head  of  water  on  the  soil  and  a  continuous  col¬ 
umn  of  water  through  the  soil  undergoing  the  permeability  test. 

2.  A  systematic  determination  ol  the  penetration  resistance  of 
the  stabilized  surfaces  of  a  variety  of  soils  for  extended  curing 
periods  should  be  taken. 

3.  Modification  of  the  present  erosion  apparatus  is  desirable  so 

that  the  gradual  erosion  ot  stabilized  soil  surfai.es  can  be  determined  by 
weighing  a  significant  quantity  of  par . kies  eroded  Jrom  the  surface. 
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TABLE  VI-4 

PENETRATION  OF  TOPICALLY  APPLIED  ASPHALT 
EMULSIONS  AND  CUTBACKS 


Type  of 
Soil 

80-15C 

Mesh 

Ottawa 

Sand 


M-21 


Emulsion  or  Cutback 
Applied 


Amount  Asphalt  Applied  (g/  cm1  surface) 

0.10 _ o,20 

rnm)  of  ’mm]  fTof 
Depth  Surface  Depth  Surface 
Pene-  with  Pene-  with 
tra-  asphalt  tra-  asphalt 
tion  residue  tlon  residue 


100-120  penetration  asphalt: 
Cutback:  2A/  1G1  5 

1A/1G  8 

Emulsion:  Chromium  Cone.  14 
Nonic  Cone.  16 

Nonic  Dilute 
Chromium  Dilute 
Ferric 

40-50  penetration  asphalt: 
Cutback:  1A/1G  10 

Emulsion: 

Low  Penetration _ 6 

100-120  penetration  asphalt: 
Cutback:  2A/  1G  1 

1A/1G  4 

Emulsion: 

Chromium  Cone.  4 

Nonic  Dilute  6 

Ferric  ? 


1056  100-120  penetration  asphalt: 

Cutback:  2A/1G 

Emulsion:  Chromium  Cone.1  7  5 

Ferric1  5  0 

Nonic  Cone1  6  5 

Nonic  Cone.  *  10  10 

A  refers  to  the  weight  of  asphalt.  G  to  that  of  gasoline 
Diluted  with,  an  equal  weight  of  water 
Diluted  with  twice  Its  weight  of  water 


100-120  penetration  asphalt: 
Emulsion: 

Chromium  Cone. 

Ferric 


TABLE  VI- 5 


WATER  ABSORPTION  OF  STABILIZED  SAND 
SURFACES 

(80-150  mesh  Ottawa  sand  layers  treated  with 
emulsion  or  cutback  and  immersed  in  water) 


Emulsion  or 

Cutback1 

Application: 
g.  Asphalt/ 
sq.cm,  of 
Surface 

Per  cent  Water 
Absorption  on 
Weight  of  Sand 

Hours  to  Reach 
Maximum 
Water  Uptake 

100-120  penetration 
asphalt: 

Cutback:  2A/  1G1 

0. 10 

5.3 

8 

2A  /  1G 

0.  20 

1.5 

10 

1A  /  1G 

0. 10 

6.8 

6 

1A  /  1G 

0.20 

6.1 

7 

Emulsion: 

Aluminum 

0.10 

23,5 

6 

Chromium 

Cone. 

0.10 

21.9 

6 

Nonic 

Dilute 

0.20 

24.5 

4 

HC1 

0.20 

29.4 

5 

1  A  refers  to  the  weight  of  asphalt,  G  to  that  of  gasoline 
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